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(v)
Szgogsis

An investigation on the effect of gravitational forces on heat

transfer in an evaporator tube is reported here. Experiments were

carried out with water on a natural circulation, steam heated, 0.872 in.

I.D. tube reboiler. Ilieasurements included the circulation rates and

axial temperature distribution of the process fluid. The condensation

rate of the heating steam in nine independent steam compartments

located along the tube was also measured, allowing the determination

of local heat transfer coefficients.

A

The experimental results cover the nucleate and convective
regimes of heat transfer in the range of exit qualities from 1,97 to

36.2% and in the range of local heat fluxes from 15200 to 62000
BTU/hr. £t*.

85 runs on the reboiler gave a total of 765 local data _
points from which only those in the convective regime at qualities of

2% or more and with liquid and vapour Reynolds number above 2000 were

selected for correlation, -

L

The Froude number was proposed as one of the correlating para-
meters for heat transfer coefficients in two-phase, vertical flow.

Three forms of Froude number were considered: based on the homogenecus

velocity of the two-phase mixture, on the liquid superficial velocity
and on the vapour superficial velocity. The local heat transfer
codfficient ratio hTP/hL was found to decrease with an increase in
Froude number at a constant value of the Lockhart-Martinelli parameter.
The' relevance of the Froude number as a correlating parameter can be

associated with the combined effects of gravitational and inertia

L]
.
.




{vi)

forces on the thickness and thermal resistance of the ligquid film of

the annular flow pattern.

Local heat transfer coefficients were correlated with the
Lockhart-Martinelli parameter, the dimensionless £ilm temperature
difference and the Froude number in each of its forms. The three
equations developed correlate more than 95% of the data points to
within *15%. The eguation:

0.738 /T, \0.06
v 1 ) ( b) £y ~0.194

== = 7,957 (— —
hy Xet AT )\ g

based on the vapour phase Froude number fitted the data slightly
better than the other ,two. Length-mean heat transfer coefficients at
integrated length-mean qualities above 2% were also correlated to

within $15% by the equations developed.

v

The present data agrees relatively well with the predictions of
Dengler-Addoms', Schrock-Grossman's and Abid's correlations. On the
other hand‘the data in reference Al is not very well correlated by .
the equations proposed in this work as only the points from the

experiments with the lower heat fluxes are within acceptable accuracy

limits.
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{vii)

. Nomenclature

Total inside heat transfer area

Inside heat transfer area per compartment
Inside cross sectional area’of the test section
Boiling number

Specific heat

Test section diameter
Function

Homogeneous Froude number
Liquid phase froude number
Vapour phasé Proude number

Gravitational acceleration

Mass flux .

Galileo number

Liquid phase heat transfer coefficient
Condensing.steam heat transfer coefficient
Two-phase film heat transfer coefficient ‘
Enthalpy

Latent heat of evaporation

Thermal conductivity

Test section length

Half length of the test sectiop

Nusselt number

éressure

Prandtl number

Total heat transferred to the test £fluid

Local heat transferred to the test fluid

ft?
ft2

£t?

£t/hr?
1b/hr £t
BTU/hr £t2°F
BTU/hr £t*°F
BTU/hr £t2°F
BTU/1b
BTU/1b
BTU/hr £tOF
£t

ft

psi

BTU/hr

BTU/hr




(viii)

q: * Heat flux based on the inside heat transfer area BTU/hr £t?
Re: Reynolds'number -
S: Submergence %

St: Stanton number -

T: Temperature oF

Tbi= Bulk fluid temperature in compartment i °p \

ATf: Film temperature difference °F \

ATOV: Overall temperature difference O

TS: Steam temperature “ oC '

U: 0vi;:iéeh:::ttzigiﬁ;:rc2§:§ic;gnt based on the BTU/hr £03°F

v Velocity - . ft/sec.

W Total mass flow rate 1b/hr

WL: Liquid flow rate lb/hr .

Wg: Vapour flow rate ‘ 1b/hr 1

WS= Steam condensate flow rate T 1b/hr }

X3 Two phase mixture quality . - ‘
xbi: Quality in compartment i . -

%0 Exit quality - |
Xyt Lockhart-Martinelli parameter - x
Z: Axial co-ordinate ft K
8: Absolute error . a - \

us - Viscosity ) ’ 1b/ft hr

p: Density 1b/f?

g: Surface tension dynes/cm

¢ f'wo-phase friction multiplier -




te

Note:

L]
.

Subscripts '

Inside (for diameter of the test section)

Average

Outside (for the diameter of the test section)
Film

Vapour or gas

!
Compartment number counted from the bottom of the test section

{(i=1l, ..., 9) . .
Liquid
Steam - ~
Saturation
Two-phase

turbulent-turbulent

Tube inlet

Tube outlet . '
Superscripts ‘

length-mean

Used in Q', heat flow calculated from the steam condensation !
rate \

-

Scome symbols used less frequently have the meanings given in
the text,




1. Introduction

Boiling heat transfer has attracted the interest of many investi-
gators, especially during the last two decades. This interest is
motivated by the need‘ to-}}éQ;Jreliable design data for boiling

equipment, particularly at high heat fluxes.

The correlation of two-phase heat transfer coefficients is made
difficult by the existence of a number of two-phase flow patterns and
heat transfer mechanisms along the length of the evaporator tubes.
Accordingly, investigators have tried to correlate local heat transfer

.

coefficients rather than length-mean ones.

The Lockhart-Martinelli parameter has bhecome the most widely used
correlating factor for two-phase heat transfer. This parameter was
first developed with the aid of experimental data on two-phase £flow in
horizontal tubes. Therefore, it does not account for the effect of
gravitational forces on flow patterns and heat transfer in vertical

flow.

An experimental study of heat transfer with water in a natural
circulation reboiler is reported here. Experiments in this kind of
apparatus usually cover the nucleate and convective regimes of heat

transfer particularly in the longer tube evaporators.

Local heat transfer results of this work for the two-phase con-

vective region are used in developing correlations in which provision

is made for the effect of gravitational forces.




2, Literature Survey

2.1. Flow patterns and heat transfer mechanisms during evaporation of
liquids in tubes

When a gas-liquid mixture flows through a tube, several gecmetrical
configurations (flow patterns) due to a variety of spatial distributions
of the two phases can occur. In the particular case of a ligquid being
evaporated inside a uniformly heated vertical tube, a succession of flow-
patterns will appear along the tube, as in Fig. 2.1.

If the temperature of the feed.is below the saturation temperature
(Section Ag), heat will be transferred to the liquid by single phase
convection and conduction. Because of the heating, the bulk £fluid
temperature and the wall temperature will increase up the tube. When
the wall temperature equals the saturation temperature at the local
pressure: bubbles begin to form at favoured sites on the tube surface. |
As far as the bulk fluid temperature i3 still below the saturation
temperature, {(subcooled boiling, Section BC)}, the bubbles grow, detach

and collapse without reaching the tube axls, and there is no net vapour

generation.

When at a certain axial position (C) the bulk of the liquid reaches |
a saturation temperature, net vapour generation commences. Bubbles
form on the surface in increasing numbers and give rise to a disperse
phase distributed over the entire cross section (Zone CE, saturated

nucleate boiling).

/

Sections BC and €D constitute the so-called bubbly flow pattern,




}

Single phase vapour convective
i heat transfer

heat transfer ;

Saturated nucleate boiling .

Single phase liquid convective
heat transfer

Vapour
| xe1
Drop Flow L '::.
L Liquid deficient region
¥
) )
N
Annular
Flow Two phase convective
r
) \ .
Slug
i Loy
2SS
oo L o: o C-SO
24 % 00
°:° Occ o‘oeo: t.?:
Fras
Bubbly e N |
Flow Ky 2
) o Subcooled boiling
e P
T X 3 | 1
Ligquid
l AN l

Fign 2.1.

f

Flow patterns and heat transfer mechanisms during

evaporation in a vertical tube.

& -
L}

L



in which the bubble diameter is much smaller than the tube diameter.
The mechanisms of bubble formation in subcooled and saturated nucleate
boiling are thought to be essehtially the same. The heat transferred
in this regime has been found to be independent of flow rate at rela-
tively low velocities (L1, Cl). The nucleate boiling regime is

restricted to low gqualities.

As more and more bubbles are produced, they coalesce to form large
bullet-shaped bubbles with diameter of the same order of magnitude as
the tube Aiameter. Liquid fills the spaces between bubbles and a thin
liquid £film is forced to flow gé the walll This pattern is referred to.

as slug flow (Section DE).

As evaporation proceeds up the tube, the large bubbles undergo
acceleration, causing them to coalesce into a continuous vapour core,
while most of the liquid forms a f£ilm which covers the wall of the tube.
This 1s the annuldr flow pattexn (Section ErF). At the surface of the
liquid £ilm, at higher vapour velocities, waves are formed, which are
partly sheared off by the fast moving vapour giving rise to the appear-

ance of droplets in the vapour core.

The heat transfer mechanism gradually evolves from nucleate

boiling to the two-phase convective region. In the latter, nucleation

is suppressed. The ligquid in the film remains slightly superheated,
the £ilm being thin enough to prevent nucleation even at high heat
fluxes. Heat is transferred across the £ilm by convection and conduc-

ticon, and evaporation takes place at the liquid-vapour interface. The




vapour core remains essentially at thes saturation temperature.

In the transition from slug to annular regions the convective and
nucleate mechanisms of heat transfer are found to coexist. The two-
phase convective region is associated mainly with the annular flow

pattern, in which the quality may vary between about 2% to about 50%.

» Purther downstream, where the mixture gquality is wvery high the wall
dries out due to compléfe evaporation of the liquid f£ilm. This flow
pattern is referred to as drop flow (Section FG) and is characterised
by a low heat transfer coefficient, due to the much lower thermal con-
ductivity of the vapour phase which i; now in contact with the wall.
Evaporation of the liquid from the droplets continues until the quality

reaches 100%. In section GH heat is transferred to the vapour by

single phase convection.

This succession of flow patterns and heat transfer mechanisms can
be found in forced circulation systems as well as in natural circulation
ones. In the case of evaporation in ; horizontal tube, the influence
of gravity modifies the bubbly and slug flow patterns in that bubbles
tend to travei in the upper part of the tube. Stratified flow tends
to appear and in the annular regime the liquid film is thicker at the

lower part\of the tube.

The terminology used to describe flow patterns is not uniform. In
particular, there is a variety of forms of annular flow which have been
given different names by different authors. The transition between

slug and annular Flow has been termed "churn" or slug-annular flow.




Some authors reserve the term "annular" only for a flow without signi-
ficant liquid entrainment in the gas core and with a £ilm surface
relatively smooth (C4). The annular pattern with liquid entrainment

is often called annular mist, drop-annular or slug-annular.

2.2, Correlations of two-phase heat transfer coefficients for single-
component liquids

Many correlations propeosed for two-phase heat transfer coefficients
are based on the Lockhart-Martinelli model for two-phase flow (L2).
This model was developed from experimental data of pressure drop and
vold fraction in horizontal iséthermal flow of two-component mixtures.
The assumptions of the method excluded bubblyrand slug flow from con-
sideration, therefore its application is rest¥icted to annular flow.
Although not much attention was given to flow patterns, four flow

regimes were distinguished:

a) Turbulent flow of the liquid and gas phases.
b) Viscous flow of the liquid and turbulent flow of the gas.
c) Turbulent flow of the liquid and viscous flow of the gas.

d) Viscous flow of both phases.

*

The Lockhart-Martinelli parameter, ¥, was defined as:
=) /&)
X = e ax (2.1)
AL 1, AL g

where (AP/AL)L and (AP/AL)g are the liquid and gas pressure drops

respectively, assuming each phase to flow alone in the channel.



The two-phase pressure drop was expressed as:

AP) 3 (AP
5 B (_) (2.2)
(AL p L \&/
or - ,
AP) a fAp
ax = ¢ (_,* {2.3)
(AL mp g AL)g

It was postulated that ¢g, ¢L and the liquid and gas volume frac-
tions are functions of X, and this was verified experimentally. In this
way, X beccmes the governing parameter in the annular type of two phase

flow. If both the liquid and the gas phase flow turbulently:

s

: W.\0.9/p \0.5 /u \O.1
X = X, = (.wﬁ) (59-) (M—L) (2.4)
g L g

This condition is attained when the liquid and gas phase Reynolds num-

bers are above 2000.

The work of Lockhart and Martinelll has been applied to correlat-
ing heat transfer coefficients in the two-phase convective region.
Correlations of the form:

Prp - a (—I—)b (2.5)

xtt

have been used, where hL represents the ligquid phase heat transfer
coefficient either for the total stream considered as a liquid or for

the unvaporised part of the flow.

One of the earliest local heat transfer studies was made by
Dengler and Addoms (D3) in a forced circulation apparatus consisting

of a 20 ft., 1 in., I.D. copper tube heated by five independent steam



jackets. The test liquid was water. Tube wall temperatures were
measured by thermocouples distributed along the tube, and the fluid
temperatures were calculated from the saturation curve at the local
pressure. A radiocactive tracer technigue served to estimate liguid and

vapour volumetric fractions.

The heat flux g Increased along the tube, particularly in the
upper portion of it. g increased with the mixture guality, but not
with the film temperature difference in this region. It was thought
that these characteristics correspond to a convective mechanism of
heat transfer. This conclusioﬂ was confirmed by the calculation of all-
liquid heat fluxes using the correlations for single pha;e convective
heat transfer coefficients at the average mixture velocity {(determined
from volume fraction measurements). These gave results very similar to
the experimental heat fluxes in two phase flow.

In the lower part of the tube, a; low qualities, nucleate boiling
was the dominant mechanism. In this regime, the heat transfer co-
efficients were found to increase with the film temperature difference,
ATf. If the quality and the total mass flow increased the coefficients

became less dependent on the film temperature difference, and at the

highest qualities hTP was found to decrease with ATf.

85% of the convective heat transfer coefficients were correlated

to within #20% by their equation of the form:

0.5
-hgf- = 3.5(x—1—) (2.6).

tt

¥

1
H




where the all-liquid heat transfer coefficlents hL are given by:

K. /cp\0-8/C p 0.4 '
= = (= P L

L

The authors found that the nucleate and convective contributions
to heat flux were additive. However, an empirical correction factor
for hTP' designed to account for the suppression of the nucleate con-

tribution by the effect of high liguid velocities was defined.

Guerrieri and Talty (Gl) conducted experiments with five organic
ligquids in an oil-heated, natural circulaticn vertical tube evaporator.

Two test sections, of 0.75 in. I.D. and 1 in. I.D. were used.

Point values of the two-phase heat transfer coefficient in each
run increased along the tube from entrance to exit. As the mixture
quality, and therefore the velocity of the mixture also increased along
the tube, it was suggested that convection was one of the main mechan-
isms of heat transfer. In addition, at a given quality, the local
coefficients of heat transfer and the heat flux increased with an
increase in the film temperature difference, suggesting that nucleate
boiling also plays a role alongside the convective heat transfer

nechanism.

A correlation for the convective region was established as:

0.45
% = 3.4 (x—l-) (2.8)

tt
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where hL' the liquid phase heat transfer coefficient was calculated
from the Dittus Boelter equation:

k 0.8 fC_u_10.4
- L Y/G(l - x}D p"L
h]:. 0.023(-——1))( m ) ( x ) {2.9)

L L

In the determination of the constants of equation 2.8, only
the local points at the exit of the test sections were used, as the
nucleate contribution was shown to be negligible in that position. The
heat transfer coefficients in the nucleate’ bolling section were bigger
than the predictions of equatiqp 2.8. A correction factor in the
form of a multiplier called "nucleate boiling correction factor" was
designed to be used with eguation .2.8, to account for both contri-

butions.

Bennett et al. (Bl) conducted experiments with the steam-water
system in forced convection at atmospheric pressure in two electrically
heated annular test sections, of 0.623 and 0.375 in, 0.D. Their
results, covering the range of heat fluxes from 31700 to 15800 BTU/hr f£t?,

were correlated by the equation:

(2.10)

The use of this dimensional equation is intended to account for a
slight effect of the heat flux q on the two phase heat transfer coefficients
in the convective region of annular ffow. hL was defined in terms of
the unvapourised part of the stream. Equation 2.10 was based on

local heat transfer data from the 0.623 in. 0.D. tube, and correlated
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them to within *15%, The results from the 0.375 in. 0.D. tube were
correlated to within *20% by the same equation.

Schrock and Grossman {Sl) studied heat transfer to water in forced
vertical upward flow through electrically heated tubes of 0.118), 0.237
and 0.4317 in.I.D. Dimensional analysis predicted the following depen-

dence for a two-phase Nusselt number, NuTP:

NuTP = f(Re, Pr, , Bo) (2.11)

xtt

where Be 1s the "boiling number”, defined as:

e

. -
Bo = (2.12)
G H _

8 Prl/3), which is proportional to

Plots of the ratio NqTP/(Reo'
hTP/hL; versus xtt with Bo as a parameter showed that at low Bo, the
local heat transfer coefficient is a function of xtt alone, while for
large values of the boiling number (i.e. for large heat flux to mass
flow ratios) the heat transfer becomes independent of xtt and depends
only on Bo. The xtt—dependent zone is assumed to contain the annular
flow pattern, where the liquid film is thin enough to prevent the
occurrence of nucleation. xtt characterises this flow regime.

The results of all the heat transfer experiments were correlated

to within +35% by the equation:

Nu - 170(30 +1.5x10 %% '2/3)

Reo'8 Prl/3 £t

~

which was recommended for the quality range from O to 50%.
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Chen (C5) took the experimental data of the previous investigators
and compared it with the prediction of each of their correlations.
Each equation correlated well the data on which it was based, but none
of them correlated the data of others satisfactorily. Chen postulated
that the nucleate (microconvective) and macroconvective contributions
in the two-phase heat transfer were additive. The macroconvective part
was described by the Dittus-Boelter equation in which the physical
proper?ies of the two-phase mixture were used instead of those of a

single phase:

=3
H

0.023 Re Pr D

e

In an annular flow the heat is transferred to the liquid film, 'so

as an approximation the Prandtl number of the liquid was used:

k
c.8 0.4 /7L
hmac 0.023 ReTP PrL ( ) ) (2.15)

-

The Reynolds number factor, F, defined as follows:

0.8
F = (ReTP/ReL) {2.16)
one
allowsApo express ReTP in terms of ReL. Therefore, equation 2.15 is

written as:

k
0.8 0.4 L
= » —— ll?
hmac 0.023 RaL PrL ( D) F {2 )

As F is a flow parameter, it was assumed to be a function of xtt'
For the microconvective contribution Chen used the Forster and Zuber
correlation modified by introducing into it a nucleate boiling suppres-

sion factor 5. This factor accounts for the suppression of the nucleate
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mechanism due to flow. The f£inal expression for hmic was:

Xk .79 c 0.45 0 0.49

_ L pL L 0.24 Q.75
hije = 0-012 0.5 ,0.29  0.24 0.2 AToam AP s
L Lg g
(2.18)
~ 0.24 0.75
where 8 = (ATe/ATSAT) (APe/APSAT)

represents the relationship between the effective wall superheat ATe

and the wall superheat ATSA . Ap

- SAT and AP, are the vapour pressure

differences corresponding to ATS and AT, respectively. The two-phase

AT

heat transfer coefficient is expressed as:

hTP = hmic + hmac (2.19)
The Reynolds number factor F and the nucleate boiling suppression
factor S were determined from experimental data by means of an iterative
procedure. The final correlation, applicable in the quality range from
1 to 70% is in the form of equation 2.17 and 2.18 and as plots of F
versus l/x;_t and 8 versus Re . The average deviation of the data ;sed

TP

was of #1ls.

Collier et al. (C2) modified the correlation of Bemnett et al.

(Bl), equation 2.10, by estimating the physical properties at a film '

temperature, T., defined as:

£

= . 2.20
Tf TSAT + 0.33 ATSAT {2.20)

In this way, the effect of heat flux in Bennett's correlation was

eliminated. The new expression, based on the same data as equation

2.10 was:s
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h 0.65
—E - 2.719 (XL) (2.21)
b tt

with a standard deviation of 11.5%. New data obtained in the same
apparatus as in reference Bl was presented. An equation based on the

whole data (over 1500 local data points) is:

h 0.699
£ L 2,167 (-—-L) (2.22)

hL X

tt

with a standard deviation of 26.9%. After analysing Schrock and
Grossman's correlation, the authors concluded that any correlation in
which the convective and nucleate contributions are added is unlikely
to represent data accurately in both regions, due to the entirely

different nature of both heat transfer mechanisms.

Davis and David (D2) proposed a correlation in which the
Martinelli parameter 4id not appear. A simple model was formulated
for annular and annular mist flow. An equation similar to the Dittus-

Boelter equation was assumed to represent two-phase heat trapnsfer

coefficients: -
hTP D D pL uL a Cp ”L b
. = = B ” (2.23)
L My, L

where EL is the average superficial ligquid velocity. This equation is

rearranged by expressing pL GL in terms of the slip ratio ¢, the total

#

1

mass velocity and quality.

w? | B (_DGX i)a(.&.—c pL)b (2.24)
L a® \ B, P
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o was assumed to be a function of the wvapour and liquid flow
rates, the geometrical and physical properties and the flow pattern.

The authors determined B/aa as a function of the liquid-vapour density

ratio:
8) -0.59
B
2 - B'(-b-];'-) (2.25)
o g
Finally:
h, D Pr\C-28 /p ¢ x\O-87 [CP B \0.4
L g L L

This equation correlated data of several investigations to within an

average error of 17% for vapour qualities above 10%.

Wright et al. (W2) experimented with water and n-butanol in forced
vertical downflow electrically heated tubes. The range of heat flux
was between 13800 and 88000 BTU/hr £t®. The experimental data was
plotted together with the predictions of Dengler's (D3) and Schrock and
Grossman's (S1) correlations. As considerable differences were found,
the authors proposed two correlations in terms of the four significant

parameters used also by Schrock and Grossman. These eguations are:

st = 0.9005 ReL et L (2.27)
Nu = 0.9273 ReL'°'7l7 xtt"°'345 Bo°'194 Prio.eoo (2.28)

These correlations were obtained from data in the quality range from O
to 17% for water and from O to 31% for n-butanol. The authors thought

that most of the data belonged to the convective region. Correlation



lée

2.27 was found to.represent the authors' data to within *15%, and
the data of Schrock and Grossman (S1) and Bennett (Bl) to within *30%.
Equation 2.28 was not as successful when compared with data of these

authors.

Pujol and Stenning (Pl) conducted experiments on heat transfer to
Freon 113 in an apparatus consisting of tubes arranged for up and down-
flow. In agreement with previous investigations (Sl1, W2) they found
that the heat transfer coefficients can be expressed in texms of Re,
Pr, Xtt and Bo. The existence of the convective and nucleate regimes,
in both upward and downward flow was observed. In the nucleate regime
the upflow coefficients were higher than the downflow ones. Nucleation

was suppressed at higher values of X in downflow than in upflow at

tt

the same boiling number. In the nucleation-suppressed region both the
upflow and the downflow heat transfer coefficients were essentially

equal. The following correlation was proposed for the convective

[ 3
.

region:
h .
¢ AN (x_l_)°'37 (2.29)
hL tt

which gorrelated the authors' data to within z15%. In the nucleate
regime and in the mixed nucleate-convective regime the direction of
flow determines the value of hTP' For this reason, alternative forms

of correlation were proposed. For upflow:

h - 0037
I2 . 0.9 [Bo < 10% + 4.45 (3{-}—) ] (2.30)

"y

tt
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and for downflow: '
hTP 4 1\ 0,37
£ = 0.53 | Bo x 10% + 7.55 (—- y (2.31)
hp Xep

| These equations are not as accurate in the convective region as
equation 2.29, but they correlate the data in the nucleate boiling

region better than equation 2.29.

Calus et al. (C6) conducted experiments on a steam-heated thermo-
siphon reboiler using.3 test sections of 0.5 in. nominal diameter, one
of which had the steam jacket divided into 6 independent compartments
for the determination of local heat transfer coefficients., Five test

liquids were used.

After analysing previous work in the field the authors conclude
that the failure o? attempts to correlate heat transfer coefficients
in the nucleate and convective regimes may be due to the fact that
some variables, like the film temperature difference ATf and thé surface
tension O were not considered. In natural circulation reboilers the
quality of the mixture, heat flux and the liguid and vapour flow rates
depend on ATf. It was experimentally found that the ratio hTP/hL
increases with AT, at constant submergence. A plot of hTPth veraus

£

1/X £ showed that points with approximately the same ATf tend to group

t
themselves into a straight line. Accordingly, the length-mean water

data were correlated to within £20% by the eguation:

] |
i S (XL)( ng) (2.32)
hy tt £
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The saturation temperature was introduced in oxrder to non-dimension-
alise ATf and to facilitate the use of the correlation with liquids of

different boiling points.

The surface tension of a liquid, UL, is important because it
determines the size of bubbles in the nucleation process. It is there-
fore a strong correlating parameter in flow boiling where the nucleate
boiling mechanism is present alongside the convective process. The

heat transfer coefficients for liquids other than water were correlated

h T g 0.9
B 0.065 <x1 )( if')( gzo) (2.33)
hy, tt £ L

with an accuracy of #20%. Local heat transfer coefficients were

correlated to within #30% by equation 2.33, except the points derived

from a dry wall condition.

2.3. The effect of gravitational forces on two-phase heat transfer

In single phase flow in closed ducts the Reynolds number (rela-
tionship between inertia and viscous forces) is a sufficient parameter
for the description of the flow regime. In a two-phase flow, the
appearance of a second phase gives rise to interfacial forces and the
area available for the flow of each phase is reduced. Gravity and
surface tension forces become important iq determining the flow

pattern.

s

It is generally assumed that gravity is an important force in
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licuid flows with a free surface, where waves are formed by the inter-
action of giavity and inertia forces. In gaseous systems the effect
of gravity is negligible except when large density differences due to
temperature gradients give rise to natural convection (J1, Il). The
Froude number is often used as a similarity criterion in the former

type of system.

Very few research works on the effect of gravitational forces on
the process of boiling heat transfer are available. However, their
effect on two-phase flow patterns has received wider attention.
Gravity is considered to be the principal factor in the determination

of the rise velocity of bubbles in slug flow (Gl, Ql}.

A number of aspects of the fluid mechanics of two phase flow has
been covered by specialised work in references C4, A2, C3. Detailed
reviews of these problems may be found in the books by Collier (Cl)
"Convective boiling and condensation", and by Hewitt and Hall-Taylor

(H1) "Annular two phase flow".

Some research workers noticed that the difficulties of correlating
boiling data with the Lockhart-Martinelli parameter might be due to the
fgct that this parameter was developed with the help of experimental
égta from horizontal tubes. This problem was analysed by Davis {Dl).
He studied pressure drop data of Govier et al. (G3) for vertical flow

of air-water mixtures and of Isbin et al. (I2) for steam-water mixtures.

The frictional pressure drop was calculated by subtracting the hydro-

static head and acceleration components from the total pressure drop.
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The results were plotted as ¢L = (APTP/APL)% versus the Lockhart-

Martinelli parameter, X The experimental values of ¢L were higher

tt’
than the ones predicted by the Lockhart-Martinelli correlation. As
this was obtained from data in horizontal two-phase flow, it was con-

cluded that frictional two-phase pressure losses for vertical flow were

higher than for horizontal flow.

Davis modified the Lockhart-Martinelli parameter hy including a
homogeneous Froude number. This correction put all the experimental
data on a single line with all the data within the *10% accuracy lines.

The modified parameter is:

W \0.9/p \o.5 /u V0.1 fv *\0.125
Xt = 0.19 (%E) (EE) (E&) oy (2.34)
g L g

Where Vm is the homogeneous velocity of the two-phase mixture. Davis
concluded that an error of *10% in ¢L implies that the error in pressure
drop would be about *20%. At the highest velocities the unmeodified
correlation fitteé the vertical data very well. This was attributed
to the existence of a thinner £ilm where gravitational forces are less
important. The revised correlation was valid for the turbulent-turbu-
lent regime at liquid Reynolds numbers above 8000 and gas Reynolds
nunbers above 2100.

Chawla (C7) considers that previcus heat transfer correlations
have failed because they do not include all the pertinent variables,

+

such as the acceleration of gravity.

The liquid and vapour phases flow at different velocities through

a tube. The resulting exchange of momentum between the phases
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influences the pressure drop. A two-phase flow parameter, £, defined
as the ratio of the mean liguid wvelocity to the mean vapour velocity
1s proposed to account for this effect. € 18 correlated empirically

in a graph as a function of the product.

p —o - 9 p’ "o - 5
1l -x -1/6 [Ty L
e (ReL FrL) ( —) ( —)

pg ug
where: Y
Re, = S XD 3:43i3 Reynolds number
L My,
rl - 2
Fr, = M ¢ liquid Froude number

L P.* oD

In correlating heat transfer coefficients it was assumed that
most of the heat is transferred from the tube wall through a liquid
£ilm. The hydraulic diameter of the £ilm, DL is expressed as a func-

tion of the paramei';er E.

=k
D, = Dl-(l-!---l—-—x-)

pg
A Nusselt number is defined in terms of DL:

D h._D» ]
Mo = ET_E__I: - Tf: 1-(1+L"—x— (2.35)
p
L L xs(—Ii)
D

g

The following equations were proposed for NuL:
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<
a) For ReL FrL 109

.

p.\0.3 /1 _\0.8
_ 0.475{ x L L 0.35 0.42
NuL = 0.0066 (ReL FrL) (_l—x)(*pg) (—) Re Pr

>
b) For ReL FrL 109

p.\ 0.3 fp_\0.8
_ 0.3 [ x L L 0.35 0.42
Nu = 0.015 (Re_ Fr ) (_1-::)(_;39) ( _”g) Re 0" Pr
{(2.37)

The heat transfer data used to determine the various constants in
Chawla's equations were derived from heat transfer experiments with
single-component liquids in horizontal and vertical flow. The correla-
tion predicted heat transfer coefficients with an accuracy of 30%

over a wide quality range.

Abid {(Al) investigated the effect of geometry on the heat tranéfer
in natural circulation reboilers, usiné two test sections of 0.5 and
1 in. nominal diamter. It was found that the heat transfer coefficients are
higher for larger diameter tubes due to an earlier attainment of the annular
flow pattern which is more favourable to heat transfer. An increase
in diameter also increases mass velocity, resulting in a more stable

operation.

The effect of gravitational acceleration was considered to be
important in vertical flow, as the interaction of gravity and viscous
forces affects the flow rate. The Galileo number, Ga, was found to be

a measure of the combined effects of these forces.
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{Gravitatiocnal force)

Ga = Re (Viscous force)
3 F o
Ga = 2—5@—

In addition, the Galileo number provides a convenient dimension-
less quantity accounting for the effect of diametexr. Over 80% of the
local water data from the two test sections in the guality range from

2% -to 60% was correlated to *30% by the eguation:

h 0.7
L2 = 0.043 [Ga°'3 (EL):\ (2.38)
hy tt

As the data from the bottom and top of the tube showed the biggest
deviations from the correlating line, the empirical correction factor
(Z/Z)o'3 was applied to equation 2.38 to account for the effect of the

position in the tube. Equation 2.38 becomes:

0.310.7
oo [Gao-s(;_)(g) ] 2.39)
' tt

where £ is half the length of the tube and Z is the distance from the
tube inlet to the centxe of each compartment. The use of this factor

improves the scatter of the data points, as 85% of them are correlated

to #30% by equation 2.39.
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3. Experaimental Work

3.1. Apparatus -

The experimen£al work was carried out on a steam-heated, natural
circulation single tube evaporator, using distilled water as a test
liguid. Fig. 3.1. shows a flow diagram of the apparatus. Table 3.1.
contains the dimensions of the evaporator tube. Table 3.2. shows
dimensions and materials of construction of the equipment. The

apparatus described here was used in previous research work {(Al).

The test liguid, at or near the saturation temperature from a
steam-coil preheater {1l), passes to a 1 in. dia. vertical stainless
steel test section (2), where part of the feed i1s evaporated. The
test section (2) is heated by means of steam jackets located along its
length. A liquid/vapour separator head (3) divides the two-phase
mixture at the exit of the tube into two streams (4,5). Entrained
liquid 1s removed %rom the vapour stream {4) in two spherical QVF glass
cyclones connected in series (6,7). Condensation of the vapour takes
place 1n a water-cooled copper condenser (8) and the condensate goes
to a submerged orifice flowmeter (9) and then to a calibrated flask

{10) f}om which samples of condensate can be taken. From the flask,

the condensate passes to a constant-level tank (1l}.

The liquid streams from the two cyclone separators (6,7} and from
the vapour/liquid separator (3) are led to the second orifice flowmeter
(12) from which they pass to the constant level tank (11). The level

of liquid in {11) is kept constant by means of the ball valve (28).
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.

Liquid from this tank.(ll) is pumped by means of a STUART No. 12
centrifugal pump {14) to the glass capacity vessel (15) which is mounted

-

on the preheater (1l).

The capacity vessel, the preheater and the test section form a
U-tube system. The height of liquid in the capacity vessel balances a
column of boiling two-phase fluid inside the test section, and provides
the necessary driving force Zor maintaining a vertical ascending two=
phase flow through it. This height is referred to as submergence in

this type of system.

The evaporator tube (2) consists of nine equal compartments joined
together by means of flanges. Each compartment has a steam jacket,
made from 3 in. dia. stainless steel tube. Each jacket is fed with

steam and drained independently.

Steam suppliea by a STONE gas-fired boiler at 150 psig 1s first
reduced t& the desired pressure by a Bailey reducing valve in the
steam line, and then fed to the steam jackets where the steam condenses,
transferring 1ts latent heat to the evaporating fluid. The condensate
leaving each jacket is led to a SPIRAX steam traé (19 to 27) whose
output can be collected and measured. The lower part of each stean
jacket has a concentric baffle separating the condensates formed on
the outer wall of the test section and on the inner wall of the 3 in.
tube forming the jacket. Both condensate streams are led to different
steam traps. The details of the construction of individual stean

jackets are shown in Figs. 3.2 and 3.3.
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Table 3.1.

Dimensions ©of the Evaporator Tube

Inside diameter 0.07266 £t.
Outside diameter 0.08343 ft.
Total heated length 6.09 ft.
Total length including all flanges 6.736 £t.
except top and bottom cnes
Total outside heated area 1.6 ft.?
Total inside heated area 1.39 ft.*?
Inside cross sectional area 0.004146 ft.?
Heated length per compartment 0.6766 ft.
Outside heated area per compartment 0.1777 £t.?
Inside heated area per compartment 0.1544 f£t.?

The ball valve (28) is designed to maintain a constant level of
liguid in the capacity vessel (15) and in the tank (11). If during
operation, the pump takes more liguid than the sum of condensate and
circulating liquid- flows, the excess is returned to the constant level
tank through the ball valve. This arrangement has proved efficient in
maintainiﬁg constant submergence at a given steam temperature and

given gquantity of liquid contained in the locp.

The pressure in the apparatus i1s kept essentially at ’ atmos-
pheric level by means of vents located at the top of the capacity vessel,
the constant level tank, all the condensers and the submerged liquid
orifice flowmeter. In addition, these vents serve to eliminate non-

condensable gases, 1initially dissolved in the test liquid. All steam

jackets are vented as well.
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Flow measurement

1

The calibrated flask (l0) is used to measure the vapour condensate
flow rate. A 3-way valve at the bottom of the flask allows timed samples

of condensate to be taken.

The submerged orifice flowmeter (12) was not used. Instead, its
liquid output 1s diverted by means of an AUDCO valve, to a calibrated
3 in. dia. glass cylinder (13) in which the circulation rate is detexr-
mined by noting the time taken by the liquid to fill a specified

volume.

Temperature measurement

Ten chromel/alumel thermocouples installed through 3 in. dia.
holes in the bottom flange of each compartment are used to measure the
bulk fluid temperature at the inlet and outlet of every compartment,
givang the temperature profile along the evaporator tube. The reference
junctions for the thermocouples are installed in an AEI thermostatic
vessel. The cold junction temperature is kept at about 44°C by the
thermostat. A‘thermometer inserted in the thermostatic vessel records
its actual temperature. The thermoc?uple circuits are connected with
a Dynamco Systems digital voltmeter. Thermocouple readings can be

recorded elther on a DM 200 typewriter or on a Data Dynamics 1110

paper punch unit, both connected to the voltmeter.

A mercury in glass thermometer (29) inserted in a thermometer

well located 5.5 cm below the flange of the bottom section of the

L
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evaporator measures the inlet fluid temperature. A second thermometer
(30) in the vapour separator head (3) 1is used to check the outlet
temperature. The heating steam temperature before it enters the steam
jackets is measured by a mercury thermometer installed in a mercury-
filled thermomeier pocket (18). All these thermometers were calibrated
against an NPL-tested thermometer, whose characteristics can be found

in Appendix II.

Pressure measurement

A U-tube mercury manometer {31) measures the static pressure at
the bottom of the test section. The second manometer (32) measures
the pressure in the separator head. The atmospheric pressure is

measured by a Casella mercury barcmeter installed in the Laboratory.

3.2. Experimental procedure

At the beginning of a run, first cooling water was turned on to
all the condensers, then the steam was switched on to the preheater
(1) and then to the test section itself (2). This step was taken in
the following manner: The drain valves were kept open until steam
alone ' appeared through the drains. Thas was necessary in order to
eliminate any dirt contained in the narrow passages of the preheater

and the test section.
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Table 3.2.

Characteristics of the Eguipment in Fig. 3.1.

No. in .. Length or . .
Fig.3.1. Description Height Diameter Haterial
1 Preheater 24 in. 9 in. Steel
2 Test section 6 £t. 1 in. Stainless Steel
3 Ligquid/vapour
separator 15 in. 3 in. OVF glass
4,5 Vapour and liquad _
lines from (3) ° 1l in. (VF glass
6,7 Cyclone separa- .
tors 14.6 in. QVF glass
8 Condensex 54 in {(tubes) %2 in. Copper
9 Submerged orifice
flowmeter for 2 ft. 3 in. QVF glass
vapour conden-
sate
10 Calibrated flask - 3 in. QVEF glass
1 Censtant level 2 ft. 1 £t. | stainless Steel
tank
12 Submerged orifice
flowmeter for
. . sS
circulating 2 £t 4 in QF gla
liguid
13 Calibrated
measuring - 3 in. QVF glass
cylinder
14 Centrifugal pump - - Steel
15 Capacity vessel 8 ft. 4 in. QVF glass
16,17 | Bourdon pressure - - _
gauges
18,28,29| Mercury ther- _ _ _
mometers
19 to 27| Steam traps - - Steel
31 Mercury manometer - - -
32 Water manometer - - -
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The pressure and temperature of the steam were controlled by means

-

of the reducing wvalve. A sight glass at the base of the test section
)

allowed visual observation of the boiling process. In the work

————r

reported hers, the submergence was controlled either by adding soma

3

e T TV L P

liquid or withdrawing it frem the constant level tank {(11). The
system was given two hours to reach steady state conditions, which
f, were indicated by the steadiness of repeated readings of the ten

: thermocouples,

. Nine two-litre beakers were used to collect timed samples of
steam condensate simultanecusly from the nine steam traps. Steam

(4 pressure and temperature were noted during the period of condensate

-

collection. Due to randomness of discharge of the condensate from

e

steam traps a smoothing procedure was applied as explained on page

197. This approach was adopted in preference to a potentially over-

‘ﬂ-ﬁw—-y:v P
PN 5
- -

rigorous screening procedure.

I

Ten temperature réadings were taken from each thermocouple.

Next the temperature at the inlet and outlet of the test section,

AR T T L S A

indicated by mercury thermometers, were noted. This was followed by

S il

f taking note of the pressure indicated by manometers located at the

same points. The height of liquid in the capacity vessel was

-

measured.
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Flow measurements of the process condensate and of the circulating
liquid were made last because of the interference with the steady state
conditions they produced. A timed sample was taken from the flask (l0),
in order to determine the vapour condensate flow rate. ‘Then the cir;
culating liquid flow rate was measured by the procedure explained in
3.1. Approximately 15 minutes after returning the samples to the con~
stant level tank (11}, duplicate readings could be cbtained. Finally
the atmospheric pressure was noted. The volume of the steam condensate
samples was measured with a glass measuring cylinder of 1l-litre
capacity and their temperature was noted at the time the volume

measurements were made.

When shutting down, the steam supply to the preheater and the
steam jackets was stopped and the drain valves were opened to drain
all the steam lines Then the circulating liquid pump was turned off
and the cooling water supply was stopped. When two consecutive runs
were to be made without shutting down, some liquid was added to or
removed from the constant level tank and the system was given an hour

to settle. This periocd of time was considered enough, as the system

was already warmed up.

3.3. Data treatment

The calculation procedures used in processing experimental data
are outlined here. Detailed sample calculations are presented in

Appendix IIX.
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3.3.1. Primary variables
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mercury thermometers and of the condensate sampling

points.
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The following variables are déetermined directly:

W_: circulating liquid flow rate at the tube exit.
W : wvapour condensate flow rate at the tube exit.
T : steam temperature.

Ti: bulk fluid temperature at the inlet and outlet of each
compartment (i =1, ..., 10).

W _,: steam condensate flow rate from each ¢f the nine steam
si
compartments (i =1, ..., 9).

3.3.2. Total heat transferred to the evaporating fluid, Q.

A heat balance for the whole length of the tube (Fig. 3.4.) is:

Q+WH, = W H. o+ Wg Boto (3.1)

where HLl is the enthalpy of liquid at the inlet, HLlO is the

enthalpy of liquid at the outlet, and H represents the vapour

glo

enthalpy at the exit of the test section. From the mass balance:
W = W +W (3.2)
Eliminating WL between (3.1) and (3.2}

Q = W (H o~ Hpo +WE,G = Hy) (3.3)

where Hglo - HLlO is the latent heat of evaporation of the fluid at

the exit conditions.
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3.3.3. Local heat transfer cocefficients and related quantities

Mean temperature of the bulk fluid in each compartment, Tbi
T, + 7T
i i+l
Tbi = ___'2 * (i = l' ewvwy 9) (3-4)

Overall temperature driving force in each compartment, ATOvi

AT = T =T (iL=1, ..., 9 {3.5)

Heat transferred to each of the nine compartments of the evaporator
ume,Qi

From the steam condensate flow rate measurements, a first approximation
to Qi can be calculated. This first dpproximation is denoted Qi"

! -
Qi Wéi Hbg

(L=1, ..., 9) (3.6)
where Wsi is the condensation rate in each steam jacket and Hig is the
latent heat at the steam temperature. The sum of the nine values of
Qi' will be bigger than Q, due to heat losses to the surroundings.
, 9
o' = ] g'>9 (3.7)
i=1

Corrected values of heat flow to each section are obtained by applying

a correction factor to Qi'.

90, = o' L=1, eeuy, 9 . (3.8)
p R i Ql

Local heat flux, q;
qi = Qi/Ai (i = l' sy 9) (3-9‘)

where Ai is the inside heat transfer area of each section.
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Local overall heat transfer c:oef:l;‘:u‘.<::ien.ts,U:.L

U = q /(BT ) (A=l .ee, 9) (3.10)

Local two phase heat transfer coefficients, hTPi

The reciprocal of the overall heat transfer coefficient is the sum of
three thermal resistances, namely, the xesistance on the evaporating
side, the conduction resistance of the tube wall, and the condensing
steam resistance.

1 . D, &n (D /D) . D,
gy Mg ket h.; Dy

where Da and De are the inside and outside diameters of the test sec-

tion, respectively. Therefore:

_ 1
hiog 1 D, £n (De/Da) -_ D,
Ui ksi hsi De

{3.11)

The condensing steam heat transfer coefficient hsi is calculated from
an empirical equation developed by B.A. Abid (Al) on the same apparatus.

BTU
hsi = 3826 - 0.01 q, Fr E2°F {3.11la)

where q is in [BTU/(hr ft*)]. The thermal conductivity of the
material at the mean wall temperature is given by:

™ + T
bi BTU
= ————— * b
ksi 9,15 + 0.0066 3 T £ {3.111)
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The gquality of the two-phase mixture in the individual compartments

Having determined the quality of the exit mixture, X057 and the heat

added to each of the compartments, QS.' the quality in the remaining

compaitments can be calculated by means of heat balances written over

each of them.

HL i+l

T W, 2+l
. Tie1
Qi + W(l-xi)HLi
Compartment i e Qi
= W(l—ﬁi+l)
T Ti
L)
W, xi
Rearranging:
y %4 g 141 T P 141 " By T /W
i HLgi
vhere HLgi = Hgi - HLi

Hrlg i+1 = 55 141 ~ By 141

igi

i+l B9 141

(3.12)

Since the inlet and outlet temperatures in each compartment are known,

the latent heats and liquid enthalpies are also known.

can be used as a recurrence formula. Starting withs:

i=29, % = Xo (exit quality)

BEquation (3.12)
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X109 Bra10 + Brap ~ Fro T Q/W

HLg9

with the value of x. known from this calculation, the value of xB can

9

be calculated from eguation (3.12) and so on.

The mean quality in each section, Xpy is giwven by:

X, +Xx,
i i+l
xbi - 2 (i = 1' [ W 2 9) (3013)

1/

Lockhart-Martinelli parameter, ( xtt)i
1) - ( “bi )o.g(pm_)o.s (pgi)o'l (3.14)
Retis Y ¥ Pai Hri

in which all properties are calculated at the mean temperature of the

section, Tbi'

Local film temperature difference, ATfi

9,

AT =
f£fi hTPi

(L =1, «oay 9) (3.15)

Dimensionless reciprocal of the film temperature difference

It is calculated by evaluating the expression:
= L] .16

in which Tbi is converted into the absolute scale.
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Local homogeneous Froude number, Fr, N

2 3
i 3
Fri = gD (l—l' s sy 9)

where Vi is the average mixture velocity

W
V, = =
i pi AO

where Ei is the homogeneous fluid density, as defined in reference Cl,

page 29:
5, = 1
i xbi . (1 _xbi)
Pgi Pri
: (X (L -x
Therefore Fri = _15 (E:l) ( pi 5 i
g o pgi L1
Local liguid phase Froude number, ini

r

- 2
e _ 1 Wil xbi)
Li gD p.A

Lo

Local vapour phase Froude number, Frgi

2
b o L (“_"L)
gl gb png

Local liquid phase Reynclds number, ReLi

4W(l - xbi)

Re =
Li 1er.L "

(3.17}

(3.18)

{3.19)

(3.20)

{3.21)




42

Local vapour phase Reynolds number, Regi

aW x_ .
Re , = ——2D2t (3.22)

gl

Local liquid phase heat transfer coefficient hLi

It is calculated by means of a Dittus-Boelter type equation:

ki 0.8 __ 0.4
hLi = 0.023 ( D ) ReLi Prﬁ; (3.23)

3.3.4. Length-mean heat transfer coefficients and related gquantities

The procedure for the calculation of length-mean coefficients is
similar to that already described for the local coefficients.

Length-mean bulk fluid temperature, Tb

An exact calculation of the length-mean temperature would require the

evaluation of the integral:

As no relationship between Tb and the test section height Z is

available, an approximate method is used to calculate EL.

.
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T 4 L 1s the total length of the tube,

and AL is the length of each com-

partment. The accompanying sketch
I represents the temperature distri-
1 1 ) bution in the tube, obtained from

-
I

10

+

I

l
e — e —

the ten thermocouples.

From this sketch it may be deduced that:
9

{T

+ T,
T - 1=1 i i+

b 18

v

Length-mean overall temperature driving force, AE;V

ATov = Ts - Th

Length-mean heat flux, q

q = Q/A

(3.24)

(3.26)

where A is the inside heat transfer area of the whole test section.

L]
]
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Length-mean overall heat transfer coefficient, U

Length-mean two phase heat transfer coefficient, ETP

hTP = q/ATov (3.28)

where the thermalconductivity Es of the test section material is cal-

culated by means of equation 3.1lb, in which E; is used instead of

by hs is calculated by means of eqqation 3.1la, in which E replaces

bi®

qi‘

Length-mean quality, X

X can be obtained by a procedure similar to that used in calculating

Tb' Using the calculated quality distribution 3.12 , the average is:
9
T, X, + X% ..}
> i=1 i i+l ‘
X = .
‘ 18 (3.29)
1/
Lockhart-Martinelli parameter, xtt
L (; )0.9 (?_E)o.S(ig_)o.l (3. 30)
X, o 1-X pg He, .

The physical properties are calculated at the mean fluid temperature

of the test section, Tb'

Film temperature difference, AE;

A'rf = q/th (3.31)
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Dimensionless reciprocal of the film temperature difference

It is calculated by evaluating the expression:
Tb/AT £

in which 5£ is an absolute temperature.

Homogeneous Froude number, Fr

- - a

— 1 (W)’(x (l-x))

Fr = — (—| (& + 2 "%.
gD \Zo Pg Pr,

Ligquid phase Froude number, Fr

L
1 -2\
- = 2 (B -x
FrI. gD (pLAo )

Vapour phase Froude number, Fig

— 2
- 1 (wx)
Fr = —
g gb png

Ligquid phase Reynolds number, iéL

e = &4 (- %)
L LT,

Vapour phase Reynolds number, Ebg

g mhug

(3.32)

{3.33)

{3.34)

(3.35)

(3.36)

{3.37)
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Liguid phase heat transfer coefficient, EL

_ K 0.8 0.4

L —
hL. = 0.023 (7;) ReL Prﬁ (3.38)

3.4. Error estimation

Errors in the experimental heat transfer coefficients and other
derived quantities arise from errors in measurement and from errors in

the measuring instruments.

3.4.1. Errors in reading of temperatures

Steam temperature, Ts

The temperature and pressure of the heating steam were fixed by

neans of a reducing valve.

4
The thermometer used to measure Ts had the temperature scale in

Q. s s . o
0.2°C divisions. Hence, the reading error in TS was taken as #0,2°C,

Process fluid temperatures, Tl

These temperatures were measured by means of thermocouples. The
e.m.f. readings taken by the digital volitmeter and recorded by the
typewriter connected to it had an accuracy of #0.01mV. It is estimated
that in the process of averaging not less than ten readings for each
thermocouple the error in Tl is reduced to #0.005mv, which corresponds

to an error in temperature of 10.125°C.
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The calibration and reading errors of the cold junction

therncmeter were estimated to be of 10.200.

The thermcometer used in the calibration of the thermocouples had

o] N
an accuracy of #0.1°C. The sum of these partial errors is:

+0.125 * 0.2 + 0.1 = 0.42%.

3.4.2. Errors in flow measurements

The liquid and vapour flow rates, WL and Wg are subject to flow
fluctuations. The length of the cycle of the fluctuations was about
one second. The time of collecting the samples of condensate was
approximately 40 seconds, and that of collecting the circulating

liguid samples ranged from 5 to 30 seconds. It is therefore assumed

that these samples represented average flow of the two streams.

Condensate flow rate, Wé

The stop watch used to measure times of collecticn of condensate
was readd with an accuracy of #0.l second, while the times of collection
were not less than 40 seconds, therefore the maximum error 1in timing

was:

0.1 I
20 x 100 = 20.25%

The collected volume of condensate was always of about 400cm’.
The error in reading the liquid level in the measuring cylinder was
+2cm® .- The error in volume measurement is:

22 4 100 = *0.5%
400 -
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3yt
The total measurement error in the vapour condensate flow rate is:

$0.25 £ 0,5% = *].4%

Liguid flow rate, WL

The time of collection of approximately 1 litre of circulating
liquid in the measuring cylinder varied with the liquid flow rate.
Times ranging from 5 to 30 seconds were used. For most of the runs
the tame of collection was over 8 seconds, therefore the timing error

153

+
2.1 . 100 = 1.25%

The height of liquid in the measuring cylinder could be measured
to *lmm, which corresponds to a volume of about 5cm®. Samples of over

1 litre were taken for all runs. The erxror therefore is:

5

1600 x 100 = 0.,5%

The total measurement error 1n WL is:

*1.25 + ©0.5% = *1.75%

Total mass flow rate, W

The total error in W 1s the sum of the errors in wg and WL:

) sW SW
v _ g9 , _L
W W W

g L

= 0.75% + 1.75% = 2.5%
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Errors in the exit qualaty, X5
flO = Wg/W
J
leo _ 5W§ . &
xlo Wg W ]
= 0-75% + 205% = 3-25%0

3.4.3. Errors in the total heat transferred to the evaporating fluid, Q

From the heat balance,
Q = wg (Hglo - HLm) + W (HLlo - HLl) (3.3)

HLglO = Hglo - HLlo is the latent heat of evaporation which

for the calculation of errors is assumed to be constant and equal to

971 BTU/lb. The difference of liquid enthalpies can be expressed as:

1o " %1 = ST T T
where Cp= 1.0085 BTU/lbOF, from Appendix I, equation I.4. Differentiating

equation 3.3, the absolute error in Q can be expressed as:

§Q = x-nglO GWg + CP(TIO - Tl) W + W(‘?G(Tlo - Tll (3.39)

From previous calculations:

8w

W
g

= $0.0075
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8w

—_— + -

= 10,025

7 = = & A/

5*10 & +0.42°¢C

G(Tlo - 'I‘l) = %0,42 % 0.42 = #0.84°% = *1.51°F

The exrror in § was calculated for a number of representative runs

by means of equation 3.3%. The results are shown in Table 3.5.

The length-mean heat flux is given by:

q = o/a

Assuming that the error in the value of the total heat transfer

area A 1s negligible:

50
)

»ﬂﬂfﬁ

Therefore, the error in length-mean heat flux is equal to:r the

error in Q.

3.4.4. Errors in the overall length-mean heat transfer coefficients, U

By definition:

o 0
U = = 5 {3.40)
ov

By differentiation of equation 3.40 1t can be shown that:

— 1 69 Q —
ov ov




Table 3.5

Errors in Length-mean Quantities - I

Run W &u Wg ng T T wcyﬁ (T, O—Tl) Ty 0-'1*1) Sw HIg ng S0 o
Number | 1b/hr | 1b/hr | 1b/hr | 1b/hr °F BTU/hr BTU/hr BTU/hr | BTU/hr | BTU/hx 8070
8 898.0[ 22.45 | 41.4 0.311 5.35 1367.5 121.1 301.5 £1790.1 | 35339.1 | £0.0506
16 1100.4 | 27.50 | 53.7 0.403 5.94 1678.0 164.7 391.3 $2234.0 } 45542.,1 | £0.0420
26 1224.7 | 30.60 | 62.2 0.466 6.06 1867.5 187.2 452.5 12507.2 | 52805.1 | £0.,0470
33 1008.9 25.50 73.5 0,511 7.47 15383.4 139.8 496.2 $2224.4 | 63691.8 | £0.0340
52 1185.2 | 29.63 | 85.5 |0.641] 8.91 1804.8 266.2 622.6 | *2693.6 | 72219.9 | £0.0373
69 1201.2 | 30.03 { 94.0 | 0,705 9.54 1829.2 291.5 684.5 +2805.2 | 79630.4 { +0.0352
73 746.0 |1 18.65 | 95.0 [0.713 5.63 1136.0 105.9 691.8 £1933.7 {86723.4 | +0.0223

18
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AS AT =T -
oV =]

b* the absolute error in the overall temperature

drfference AT  is:
ov

G(A%'OV) = 8T + 8T, = 20.2 + 0.42% = #0.62% = #1.116°F

The errorsin U are shown in Table 3.6.

4

3.4.5. Errors in length-mean coefficients of heat transfer, hTP

The two-phase heat transfer coefficients are calculated from:

_.l _ i._ - 0.02502 - 0.§7l (3.11)
h U k h
TP s s

where 'ES, the thermal conductivity of the test section material is given

by equation 3.11b which gives a 5% accuracy in the value of Es (al).

The heat transfer coefficient for condensing steam is given by edquation,

3.1la, with an error of #20% (Al). By differentiation of equation 3.11:

8k Sh

s\ = -8 4 0.00502 =2 + 0.87L =2
h o % R
TP S s
For kK, = 10 BTU/hr ft °p
5k o
s _ (20.05) 10 _ . oo he £t OF
T<S= ; 100 e BTU
For h_ = 3000 BIU/hr ft’ °p
Sh ) o,
s _  ($0.2) (3000) _ -4 hr £22 °F
F, T (3000 = %0.66 x 10 BTU
Therefore:

5(52— = - %.2‘1 +8.3 x 10~ (3.43)
TP




Table 3.6

Errors in Length-mean Quantities - II

N I T O U o sl I O )
Number | OF |Br f2°F | hr £e°F | 0V |~ wm | RE B;U ol et bpp | AT

8 |38.3] #53.9 | 663.0 [20.0798 | #1.20 £2.03 1320.9 | 20.268 | 20.318
16 |46.6 | £51.3 | 702.9 |40.0729 | +1.03 £1.86 1496.4 | +0.278 | 20.327
26 |53.3 | 48.7 | 712.6 |#0.0683 | #0.95 +1.78 1548.7 |20.275] 20.322
33 |63.9 |£37.5 | 716.9 |:0.0524 | 20.73 +1.56 1579.1 | 0.246 | 0.280
52 {70.5 | £39.2 | 737.1 [20.0531L | z0.72 £1.55 1695.6 | +0.263 | 0,300
69 |78.0 | #36.3 | 733.8. |{#0.0405 | *0.67 +1.50 1688.9 | 0.253 10.5;5
73 |86.4 | +25.4 | 722.1 |#0.0352 | z0.49 £1.32 1638.4 | 0.216] +0.238

£S5
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The error in ETP 1s calculated as follows:

s,
e - 1
= = By 8 (=—) (3.44)
TP P hTP

— = - - - )
Values of Su/u?, 6(1/hTP) and GhTP/hTP are given in Table 3.6.

3.4.6. Errors in the correlating parameters

Lockhart-Martinelli parameter, l/xtt

From equation
U ( - )0.9 (p_L>o.5(fg)o.9
X i-x pg “L

It is assumed that the error in length-mean quality, E, as

approximately egual to the error in the exit quality, Assuming

X100
that the errors in the evaluation of physical properties can be

neglected:

sa/x.) _ 0.9 6 = 0:2 (_6_:'5) _ _o0.9 810
/%, . x (1 - %) (1L -3% \X L -3 x4
SA/% ) (0.9)(0.0325)  _ 0.02925 (3.45)

1/x 1L-3 1-X )

tt

The errors in 1/xtt are shown in Table 3.7.
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Table 3.7

Errors in the Lockhart-Martinelli Parameter

Length-mean S(r/%. )
. = tt
quality, x —i7§—_—— -
tt
0.02 0.0298
0.04 0.0304
0.06 0.0311
0.08 0.0318
N 0.40 0.0325
0.12 0.0332
0.14 0.0340
0.16 0.0348

Homogeneous Froude number, Fr

Fr = kW (15- + il_liioz ‘ (3.46)

Py P

It can be shown that:

SFr _ SW 8x
—E"‘.;r— = 2 W + 2 . o {3.47)
[
(Ql - pg)

The tern pg/(pL - pg) is negligible with respect to X and therefore

it is ignored. The error in Fr is:

SFr Sw §x Sw 10
T 2 W + 2 5 = 2 w + 3 (3.48)

10

Using the already calculated errors in W and %10 1t can be seen

that:
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§Fr

' + = +
™ 2 x 0,025 + 2 x 0.032 10.115.

1

Liquid and vapour phase Froude numbers, E}L and F}g

The relative errors in EEL and Fig can be calculated by means of

equation 3.48, and are therefore equal to the error in Fr.

Film temperature difference, AE;

" as AT, = -;E— )
£ Fip

SUT) g . 8 T

AT, 4 Bp

ST & . 8w

bt Q Bop

Values of the error in this quantity are given in Table 3.6.

<

3.4.7. Errors ain local heat transfer coefficients, hTPi

Errors in the local coefficients are calculated in the same manner
as those for the length-mean coefficients, except that one additional
error of measurement has to be included. This is the error in the

measurement of the steam condensate from the individual compartments.

The following 1tems of heat losses will be assumed as having no
effect on the erxror in the coefficients. Firstly, heat losses in the
flanges joining together the different compartments increase the con-

densate output. As the steam temperature is the same in all jackets
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the heat losses in all flanges are equal. Secondly, some condensate
evaporates on release from the steam traps to atmospheric conditions.
The percentage of condensate that undergoes this flash evaporation
depends on the difference between the saturation temperatures before and
after the release from the trap. In every single run this difference is
the same for all the traps. Conseguently, the same percentage of the

condensate released by every trap is lost.

The measurement error in the steam condensate is calculated as
follows. When measuring the steam condensate flow rates, the collected
volume of condensate from each trap was about 2000cm®’. The error in
reading the liquid level in the measuring cylinder was *2cm®. Therefore,

the error in volume measurement is:

22 100 = #0.1%
2000 * =

.

The collection times of about 30 minutes were measured with an accuracy

of #0.1 seconds. The error in timing is:

0.1

m x 100 = =+0.0055%

Therefore the total error in the steam condensate flow rate in each

compartment is *0.95%.

The corrected heat transfer rate to the process liquid is

obtained from the following equation discussed in Section 3.3.

= o012 .
Q 2 o (3.8)

i

[ ]
where Qi

wsi HLg

(Z Wsi)HLg

QI




58

and @ 1s given by the heat balance, equation 3.3. It can be shown

that:

) 6Q, Wy X ORI . S0
Q; Wei LWy Q

*0.1055% £ 0©0.95% % %?

SQ
1.055% % —=
Q

After considering the error in Qi' the procedure for calculating errors
in local quantities is the same as for length~mean ones. Errors in Ui'

1/h

Ty and h.TPi for the middle compartment of the evaporator tube are

given in Table 3.8. From Tables 3.6 and 3.8 we see that the errors in
the local hTP and the length-mean hTP correlate with the heat flux.
These errors are plotted therefore against heat flux in Figure 3.5.
The curve for the errors in the local coefficients follows the same
pattern as that for the length-mean coefficients. However, the errors
in the local coefficients are slightly higher than those for the

length-mean coefficients.

3.4.8. Repeatability of experimental results

It was almost impossible to make two runs under exactly the same
conditions of submergence and steam temperature. Table 3.9 compares
local quantities in the middle comparxtments of the evaporator tube for
pairs of runs in which approximately the same conditions were cbtained.
The magnitude of the deviations shown in the last column of Table 3.9
is relatively small compared with the experimental error in the corres-

ponding quantities.
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Table 3.8

Errors in Local Quantities (Middle compartment of the test section)

Ran | 0% u ovi su, |éu,su, |su,su,2x10% {6f2 0] n *rps
Number | Q. i | °F i 7% Rt (?ij £ .,
8 0.061) [657.0 [38.70 {459.12 |{+0.0899 +1.37 $2,20 1297.3 |$0.285
16 |0.0595 |698.2 146.89 |[+58.19 |+0.0833 +1.19 +2.02 1477.8 | +0.298
26 | 0.0575 {706,) {53.42 |+55.38 [+0.0784 +1.11 ) +1,94 1518.9 | +0.294
- .
33 0.0445 |702.3 [64.22 |*43.49 |%0.0619 | * %0.88 1,71 1512.3 | #0.258
52 0.0478 |734.2 |70.76 |*46.71 [*0.0636 $0.86 $1.69 1681.5 | ¥0.284
69 0.0457 |731.9 |78.05 |*43.94 {*0.0600 $0.82 *1.65 1677.8 | 20.277
73 | 0.0328 |710.5 [87.28 |%32.42 |%0.0456 $0.64 *1.47 1579.0 [ +0.232

o9
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Table 3.9

Repeatability of Results

Run 29 [} Run 30 o Deviation on the
Quantity Ts = 139.83°¢C Ts = 133.8°C - basis of Run 29,
S = 45% S = 46% %
X 0.11349 0.11450 0.89
BTU
C T ie 44476 44507 0.069
h i o 1338.2 1343.8 0.418
TP 'hr f£3°F : ’ :
/%, 2.083 2.137 2.59
Tb/AT ¢ . 20.36 20.43 0.34
Fr 1143.5 1203.7 5.26
Fr 0.168 0.167 -0.60
Run 48 Run 49
_ o _ o Deviation on the
Quantity T, = 143.9°C Ty = 143.5°C basis of run 48,
s = 70% S = 71% %
X0 0.08683 0.08284 ~4.59
BTU
A 51257 50428 -1.62
h BTU 1530.0 1521.6 -0.55
TP hr f£t2OF : . :
1/xtt 1,541 1.463 ~5.06
T, /AT 20.25 20.47 1.08
Fr " 1407.6 1363.5 -3.13
Fr, 0.412 0.45 9.22

Jecontinued
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Table 3.9 (continued)

+
.

Eu24gggoc Euiqggc Deviation on the
Quantity ' s basis of xun 59,
= 61% S = 61% %
%19 0.12780 0.12224 -4,35
BTU
q e £ 56844 56229 -1.08
—— 1473.3 1487.0 0.93
TP hr ft*°F * . *
1/xtt 2.311 2.191 -5.19
'I‘b/ATf 17.56 17.91 1.99
Fr 1790.2 1675.2 -6.42
Fr, 0.213 0.223 4.69
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4. Experimental Results

The experimental part of this work consisted of 85 runs with
distilled water on the nine-compartment reboiler apparatus described

in the preceding chapter.

The independent variables were the heating steam temperature and
the submergence. Table 4.1 shows the distribution of the runs in the

ranges of independent wvariables used in thas work.

The method of operation of the apparatus and of taking experimental
measurements 1s presented in Chapter 3. Local and length-mean heat
transfer coefficients and other derived quantities were calculated by
means of the equations in Section 3.3. Sample calculations are given

in Appendix III.

The heat transfer results are summarized in Table 4.2, which gives
the ranges of the pertinent variables. Table 4.3 shows the experimental
conditions under which all the runs were carried out. Detailed length-
mean results are reported in Tables 4.4 and 4.5. Finally, the local

heat transfer results can be found in Tables 4.6 and 4.7.




Table 4.1

Number of Runs Carried Out Within the Range of Experimental Variables Shown

115-120 | 120-125 | 125-130 [ 130-135 |135-140|140-145 | 145~-150 | 150-152 | Total
Submergence, %
20-30 - - - - - - 1 5 6
30-40 - -~ - 1 1 1 3 5 11
40-50 - 1 - - 2 3 1 1 8
50-60 1 1 - i 1 2 2 1 9
€60-70 - 2 2 2 2 - 3 - 11
70-80 3 2 2 1 4 3 5 2 22
80-90 1 1 - 1 3 1 2 - 9
20-100 2 1 2 - 1 2 1 - 9
Total 7 8 6 6 14 12 16 14 85

o
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Table 4.2

Summary of Experimental Results

Quantaity

Range Covered

Steam temperature, Ts' oC
Submergence, %

Heat flow, Q, BTU/hr
Mass flow, W, 1lb/hr

Mass flux, G; lb/hr £t?

117.45-151.4

23811-86723
233.5-2080.8

5.6x104-50.2x10

4

Exit quality, X1 0.0197-0.3620
Quantity Length-mean Local
range range

Overall temperature
difference, ATov' F

25.94-90.23

23.40- 91.29

Film temperature difference,
o
ATf, B

12.41-45.15

12.06-51.45

Heat flux, g, BTU/hr f£t2

17127-62378

15223-69194

Quality, x

0.0080~0.1744

0.00027-0.33824

Two-phase heat transfer
coefficient '
BTU/hxr £t2 ST

1005.3-1940.1

830.5-2344.8

Liquid phase heat transfer

coefficient6 hL' 14203“955 .0 llg 00-966-0
BTU/hr ft* "F
hTP/hL 1.433-9,233 1.161-13.893

Lockhart-Martinelli
parameter, l/xtt

0.361«7.024

0.017-15.665

Dimensionless reciprocal
film temperature
difference, Tb/ATf

14.92-53.19

13.06-60.11

Homogeneous Froude number, Fr

245.8-2294.0

1.7-9209.5

Liquid Froude number, Fri

0.020-2.298

0.013-2.337

Vapour Froude number, Frg

211.4-2245.0

0. 2“9117 . 1




Tables of Length-Mean Results (4.3, 4.4, 4.5)

66

= H
H b:.l

Kl

Submergence

Steam temperature

Exit quality

Total flow rate

Total heat transferred along the whole

length of the tube

Length-mean bulk fluid temperature

Length-mean quality

Heat flux

Two-phase heat transfer coefficient

Liquid phase heat transfer coefficient

Lockhart-Martinelli parameter

Film temperature difference

Dimensionless reciprocal of the film
temperature difference

Homogeneous Froude number

Liquid phase Froude number

Vapour phase Froude number

per cent

1b/hr

BTU/hr

BTU/hr ft2

BTU/hr £t*°F

BTU/hr £t*°F
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Table 4.3

Experimental Conditions of the 85 runs

Run No. | S T %10 W 9
1’ 51 | 118.25 | 0.03244 944.980 | 25940.8
2 70 | 117.45 | 0.02270 | 1507.294 | 23811.7
3 72 | 118.55 | 0.02163 | 1563.556 | 26304.7
4 73 | 118.75 | 0.02355 | 1700.806 | 26968.9
5 83 | 119.75 | 0.02569 | 1943.885 | 31146.8
6 90 | 118.75 | 0.01977 | 2080.768 | 26244.7
7 93 { 118.40 | 0.02263 | 2034.699 | 26776.8
8 47 | 123.80 | 0.04615 | 898.036 | 35339.1
9 51 | 123.95 | 0.04500 | 905.366 | 35737.0

10 60 | 124.50 | 0.03987 | 1142.741 | 36853.4
11 62 | 124.45 | 0.03371 | 1256.808 | 36900.5
12 72 | 123.55 | 0.03199 | 1416.810 | 36035.9
13 78 | 124.20 | 0.02989 | 1607.775 | 36316.7
14 ‘88 | 123.75 | 0.02663 | 1922.870 | 36583.3
15 90 | 125.35 | 0.02769 | 1902.595 | 38828.2
16 61 | 128.85 | 0.04887 | 1100.438 | 45542.1
17 64 | 130.90 | 0.04874 | 1161.410 | 48038.4
18 73 | 129.50 | 0.04211 | 1361.350 | 47944.9
19 75 { 129.60 | 0.04103 | 1359.824 | 46281.8
20 90 | 129.40 | 0.03838 | 1654.417 | 46001.9
21 97 | 129.50 [ 0.03875 { 1760.699 | 48843.5
22 38 | 133.35 | 0.10586 | 521.552 | 51246.0
23 53 [ 133.30 | 0.06706 | 855.167 | 51062.4
24 65 | 132.70 | 0.05525 | 1079.459 | 53037.3
25 67 | 133.00 | 0.04488 | 1125.452 | 42962.1
26 71 | 133.35 | 0.05081 | 1224.754 | 52805.1
27 88 | 133.35 { 0.04848 | 1425.380 | 54820.2
28 37 | 139.45 | 0.13966 | 465.791 | 61285.5
29 45 | 139.83 | 0.11349 | 589.551 | 61976.8
30 46 | 139.80 | 0.11450 | 589.060 | 62432.6
31 51 | 139.70 | 0.09727 | 699.356 | 62652.3

/Continued
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Run No. 5 TS %10 W 0
32 64 [ 139.70 | 0.07695 907.128 | 63656.8
33 69 | 139.15 | 0.07290 | 1008.910 | 63691.8
34 71 | 140.50 | 0.07458 999.497 | 65946.1
35 73 | 138.00 | 0.05805 | 1082.666 | 55923.0
36 75 | 138.70 | 0.06683 | 1092.854 | 63888.5
37 79 | 139.60 | 0.06757 | 1137.467 | 64947.2
38 84 | 139.78 | 0.05665 | 1258.552 | 63354.3
39 85 | 139.30 | 0.06707 | 1163.027 { 65591.9
40 86 | 139.55 | 0.05877 | 1280.501 | 64198.6
41 95 1139.73 | 0.06055 | 1333.434 | 65256.9
42 33 | 143.80 | 0.18891 384.408 | 68703.4
43 42 | 143.95 | 0.14611 497.658 | 68337.4
44 45 | 143.85 | 0.14203 | 526.937 69786.5
45 48 | 143.90 | 0.12732 | 588.318 69879.4
46 52 1 143.85 | 0.11720 | 644.623 69744.2
47 58 | 143.4C | 0.10756 | 717.995 70424.2
48 70 | 143.9C | 0.0863 909.336 | 71676.7
49 71 | 143.50 { 0.08284 947.878 | 70922.7
50 74 | 144.75 | 0.08923 929.146 | 73774.0
51 85 | 144.05 | 0.07560 | 1100.401 | 73613.1
52 92 | 143.68 | 0.07215 | 1185.198 | 72219.9
53 96 | 143.65 | 0.07104 | 1233.803 | 73657.1
54 27 | 149.10 | 0.27299 290.735 | 75843.7
55 39 | 147.80 | 0.18280 431.084 | 74974.5
56 . 48 | 148.00 | 0.15372 518.375 | 76854.5
57 55 | 146.90 | 0.1339%6 628.527 | 77719.6
58 57 | 148.20 | 0.13310 640.762 | 78615.2
59 61 | 148.90 | 0.12780 668.814 | 79375.5
60 61 | 148.00 | 0.12224 681.685 | 78105.6
61 67 | 147.80 | 0,11990 722.366 | 78823.4
62 71 | 147.80 | 0.10512 811.923 | 78720.1
63 75 { 147.90 | 0.09782 920.416 | 79832.2
64 78 | 147.80 | 0,09042 951.773 | 77859.5
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Run No. s '.'L‘s X16 W Q
65 79 149.45 | 0.10301 880.798 | 81739.3
66 79 145.75 | 0.08628 1012.056 76045.9
67 84 148,93 | 0.09372 986.730 | 81382.6
68 89 148.25 | 0.08780 | 1037.322 80416.7
69 104 147.93 | 0.07831 1201.239 79630.3
70 35 150.65 0.25§§4 337.830 | 82318.9
71 42 151.10 | 0.22699 391.343 1 83973.0
72 56 151.15 | ©.15853 560.623 83329.6
73 71 151.40 | 0.12730 745.983 | 86723.3
74 76 151.40 | 0.11694 801.333 | 85308.4
75 35| 151.35 | 0.22734 380.214 | 82027.0
76 32 151.35 | 0.26145 331.879 82405.3
77 24 151.35 | ©.36179 233.513 | 810C66.4
78 25 151.30 | ©.30321 282.777 81858.9
79 36 | 151.30 | 0.23154 379,552 | 83122.7
80 27 151.20 | 0.31128 277.029 82398.3
81 33 151.25 | 0.24083 364.197 83128.7
82 32 147.80 | 0.23138 330.860 73915.0
83 31 ] 148.75 | 0.24756 300.415 72864.9
84 28 | 151.10 | ©0.30712 273.132 | 80157.6
85 24 151.10 {1 0.33135 254.083 80517.1
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Table 4.4

Length-mean Results - T

<

Nﬁgger Tb ; & ETP lT‘I. ;fa Ei—
tt
1 162.01 | 0.0145 | 18659. 1220.9 | 502.3 | 2.431 | 0.6361
2 103.04 | 0,0102 | 17127, 1301.7 | 735.8 | 1.769 | 0.4535
3 103.08 | 0.0088 | 18920. 1380.8 § 758.7 | 1.820 | 0.3959
4 103.35 | 0.0104 | 19398. 1467.0 | 8l1.5 | 1.808 | 0.4602
5 103.52 | 0.0120 | 22403. 1804.6 | 902.7 | 1.999 | 0.5204
6 103.25 | 0.0080 | 18877. 1368.5 | 955.0 | 1.453 | 0.3614
7 103.32 | 0.0101 | 19260, 1512.4 | 936.8 | 1.614 | 0.4487
8 102.50 | 0.0216 | 25419. 1320.9 | 480.6 | 2.749 | 0.9073
° 101.68 | 0.0205 | 25705. 1237.7 | 482.3 | 2.566 | 0.8780
10 102.24 | 0.0185 | 26508. 1316.4 | 583.5 | 2.256 | 0.7924
11 102.67 | 0.0140 | 26542. 1379.3 | 633.2 | 2.178 | 0.6080
12 102.30 | 0.0138 | 25920. 1380.6 } 695.8 | 1.984 | 0.6064
13 103.19 | 0,0127 | 26l122. 1436.0 | 773.8 | 1.856 | 0.5534
14 103.52 | 0.0111 | 26314. 1582.2 | 895.5 | 1.767 | 0.4851
15 103.42 | 0.0113 | 27928. 1513.2 | 887.3 | 1.705 | 0.4%961
16 102.94°) 0.0224 | 32758. 1496.4 | 566.2 | 2.643 { 0.9334
17 103.18 | 0.0222 | 34553. 1453.8 | 591.9 | 2.456 | 0.9211
18 103.44 | 0.0183 | 34486. 1656.5 | 675.1 | 2.454 | 0.7684
19 103.56 | 0.0175 | 33290. 1532.3 | 675.3 | 2.269 | 0.7361
20 104.51 | 0.0177 | 33088. 1669.1 | 793.4 | 2.104 | 0.7347
21 104.67 | 0.0175 | 35132. 1940.1 | 834.7 | 2.324 | 0.7260
22 102.06 | 0.0503 | 36860. 1298.4 | 303.2 | 4.282 | 2.0092
23 102.87 | 0.0311 | 36728. 1362.1 | 459.3 | 2.966 | 1.2643
24 102,94 | 0.0241 | 38149. 1549.3 | 556.8 | 2.783 | 0.9961
25 102.99 | ©.0199 | 30902. 1005.3 | 577.8 | 1.740 | 0.8368
26 103.73 | 0.0228 | 37982. 1548.7 | 618.9 | 2.502 | 0.9350
27 103.90 | 0.0219 | 3943l. 1709.0 | 699.8 | 2.442 | 0.92011
28 102.31 | 0.0666 | 4408l. 1324.8 | 273.5 | 4.844 | 2.6186
29 102.65 | 0.0536 | 44579. 1353.3 | 334.4 | 4.047 | 2.1151

/continued
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Run —

Number | b 3 3 Ap By 7%?— 35;-

tt
30 102.78 | 0.0546 | 44907. | ‘1385.9 | 334.1 | 4.148 | 2.1506
31 103.16 | 0.0455 | 45065. | 1434.9 | 386.9 | 3.709 | 1.7994
32 103.02 | 0.0347 | 45787. | 1472.8 | 480.4 | 3.066 | 1.3958
33 103.61 | 0.0339 | 45812. | 1579.1 | 524.9 | 3.009 | 1.3537
34 103.29 | 0.0339 | 47434. | 1543.9 | 520.2 | 2.968 | 1.3632
35 103.04 | 0.0252 | 40224. | 1241.9 | 557.8 | 2.226 | 1.0389
36 103.86 | 0.0306 | 45954. | 1662.3 | 561.7 | 2.959 | 1.2255
37 104.14 | 0.0314 | 46715. | 1659.2 | 580.4 | 2.859 | 1.2515
38 104.08 | 0.0242 | 45569. | 1544.9 | 632.9 | 2.441 | 0.9827
39 104.35 | 0.0309 | 47079 | 1756.0 | 591.6 | 2.968 | 1.2296
40 104.09 | 0.0262 | 46177. | 1615.8 | 640.7 | 2.522 | 1.0583
a1 104.43 | 0.0275 | 46938. | 1694.6 | 662.1 | 2.560 | 1.1033
42 102.21 | 0.0908 | 49417. | 1334.4 | 229.6 | 5.813 | 3.5489
43 102.96 | 0.0699 | 49154. | 1358.6 | 288.4 | 4.711 | 2.7150
44 102.92 | 0.0682 | 50196. | 1424.5 | 302.3 | 4.712 | 2.6530
45 103.13 | 0.0600 | 50263. | 1440.4 | 332.8 | 4.328 | 2.3381
46 103.11 | 0.0553 | 50166. | 1436.6 | 359.4 | 3.997 | 2.1662
47 102.93 | 0.0507 | 50655. | 1488.5 | 393.0 | 3.788 | 1.9980
48 103.51 | 0.0397 | 51556. | 1553.9 | 4s0.5 | 3.234 | 1.5717
49 103.64 | 0.0377 | 51013. | 1562.3 | 497.8 | 3.138 | 1.4955
50 103.88 | 0.0415 | 53064. | 1616.9 | 488.9 | 3.307 | 1.6298
51 104.04 | 0.0342 | 52948. | 1688.6 | 563.6 | 2.996 | 1.3588
52 104.53 | 0.0331 | 51946. | 1695.6 | 600.0 | 2.826 | 1.3070
53 104.55 | 0.0325 | 52080. | 1783.8 | 620.0 | 2.877 | 1.2851
54 101.87 | 0.1312 | 54553, | 1266.0 | 176.7 | 7.163 | 6.1805
55 102.32 | 0.0867 | 53928. | 1333.7 | 252.6 | 5.279 | 3.3870
56 102.22 | 0.0719 | s5280. | 1386.6 | 296.4 | 4.677 | 2.8231
57 103.41 | 0.0634 | 55902. | 1585.9 | 350.3 | 4.527 | 2.4556
58 102.97 | 0.0631 | 56546. | 1493.8 | 355.1 | 4.206 | 2.4597
59 103.20 | 0.0602 | 57093. | 1491.5 | 368.8 | 4.044 | 2.3445
60 102.99 | 0.0569 | 56180. | 1487.3 | 375.1 | 3.965 | 2.2271

Jcontinued
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Run

Number s % E hTP EL ZEE L
N
6l 102.74 | 0.0571 | 56696. | ‘1515.0 | 392.4 | 3.861 | 2.2444
62 103.38 | 0.0486 | 56622. | 1558.3 } 435.3 | 3.580 | 1.9082
63 103.91 | 0.0453 | 57422. | 1644.7 | 483.8 | 3.400 | 1.7701
64 103.52 | 0.0405 | 56003. | 1530.1 | 498.0 | 3.072 | 1l.6018
65 104.13 | 0.0475 | 58793. | 1623.6 | 466.7 | 3.479 | 1.8437
66 104.17 | 0.0398 | 54698. | 1l668.6 ; 525.0 | 3.178 | 1.5599
67 104.38 | 0.0438 | 58537. | 1670.7 | 513.2 | 3.255 | 1.7032
68 103.94 | 0.0408 | 57842. | 1645.4 | 534.4 | 3.079 | 1.6043
69 104.57 | 0.0356 | 57276. | 1688.9 | 605.4 | 2.790 | 1.3987
70 101.88 | 0.0227 | 59210. |} 1407.7 | 200.9 | 7.008 | 4.8330
71 102.49 | 0.1091 | 60400. | 1480.0 | 229.4 | 6.452 | 4.2477-
72 102.45 | 0.0751 | 59937. | 1449.6 | 315.1 | 4.601 | 2.959
73 103.41 | 0.0606 | 62378. | 1638.4 | 402.7 | 4.068 | 2.3529
74 103.52 | 0.0547 | 61361. | 1584.9 | 428.8 | 3.696 | 2.1275
75 102.52 | 0.1084 | 59000. | 1392.9 | 224.3 | 6.209 | 4.2159
76 102.19 | 0.1262 | 59273. | 1387.2 | 197.7 | 7.017 | 4.9489
77 101.70 | ©.1744 | 58309.-} 1313.7 | 142.3 [ 9.233 | 7.0238
78 101.17 | 0.1454 | 58879. | 1314.6 | 170.1 ( 7.731 | 5.8338
79 101.92 | 0.1114 | 59789. | 1400.6 { 222.8 | 6.286 | 4.3770
80 102.28 | 0.1505 | 59267. | 1400.9 | 167.3 | 8.371 5.9464
81 102.22 | 0.1162 | 59793. | 1421.5 | 214.9 | 6.614 ; 4.5458
82 10l.64 | 0.109% | 53166. | 1257.8 | 199.6 | 6.300 | 4.3360
83 101.33 | 0.1157 | 52411. | 1160.7 | 183.6 | 6.323 | 4.5946
84 102.51 | 0.1474 | 57656. | 1339.8 | 166.1 | 8.065 | 5.7914
85 102.10 | 0.1595 | 57975. | 1332.6 | 154.7 | 8.614 | 6.3368
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Pable 4.5 -

Length-mean Results - II

Run AT -22— Fr Fr. Fr
Number £ ATE L g
1l 15.28 ‘44.17 247.6 0.467 226.6
2 13.16 51.44 302.2 1.200 265.4
3 13.70 | 49.40 | 245.8 1.295 { 211.4
4 13.22 51.23 393.0 1.528 345.5
5 12.41 54.59 | 658.4 1.990 588.0
6 13.7% 45.10 359.9 2.298 304.7
7 12.73 53.19 534.1 2.188 | 467.9
8 15.24 35.12 | 464.6 0.416 437.2
9 20.77 32.47 | 452.4 0.423 425.2
10 20.14 | 33.54 | 570.3 0.677 | 531.6
11 19.24 | 35.14 | 390.3 0.827 | 355.2
12 18.77 35.98 | 499.3 1.051 454,5
13 18.19 37.22 516.9 1.358 465.3
14 16.63 40.75 557.0 1.951 | 493.0
15 18.46 36.71 | 572.9 1.908 508.7
16 21.89 30,91 730.1 0.624 688.0
17 23.77 | 28.49 | 785.1 0.695 | 739.0
18 20.82 | 32.55 | 730.5 0.963 | 678.4
19 21.72 31.20 | 663.7 0.963 614.1
20 19.82 34.28 950.9 1.427 | 878.7
21 18.11 37.54 |1045.5 1.617 964.9
22 28,39 23.78 | 845.6 0.132 824.6
23 26.96 25.09 838.1 0.370 | 803.3
24 24.62 27.48 805.8 0.598 762.5
25 30.74 22.02 605.8 0.656 566.6
26 24.53 27.65 | 885.8 0.773 834.2
27 23.07 29.40 |llc4.1 1.049 }1037.1
28 33.27 20.30 11157.2 0.102 }1135.6
29 32.94 | 20.53 [1178.6 0.168 {1150.7

Jcontinued
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T
Nimuger AT £ %; Fr FrL Frg
30 32.40 | 20.88 | 1212.9 | 0.167 |1184.6
31 31.41 | 21.56 | 1164.5 | 0.2410 | 1131.3
32 31.09 | 21.77 | 1155.6 | 0.413 |1112.3
33 29.01 | 23.37 | 1315.2 | 0.513 |1263.7
34 30.72 | 22.05 | 1323.2 | 0.503 |1272.1
35 32.39 | 20.90 | 882.9 | 0.600 | 837.5
36 27.64 | 24.54 | 1242.1 | 0.606 |1187.8
37 28.16 | 24.11 | 1393.8 | 0.655 |1334.0
38 29.50 | 23.01 | 1027.4 | 0.814 | 970.4
39 26.87 | 25.28 | 1395.1 | 0.686 |1333.9
40 28.58 | 23.75 | 1242.9 | 0.840 |1179.1
41 27.70 | 24.53 | 1456.2 | 0.908 |1384.4
42 37.03 | 18.24 | 1466.0 | 0.066 |1446.4
43 36.18 | 18.71 | 1391.0 | 0.115 |1365.8
44 35.24 | 19.20 | 1489.7 | 0.130 |1462.0
45 34.89 | 19.40 | 1421.7 | 0.165 |1391.2
46 34.92 | 19.39 | 1458.3 | 0.200 |1424.4
47 34.03 | 19.88 | 1538.6 | 0.250 |1499.6
48 33.18 | 20.43 | 1466.7 | 0.411 |1418.0
49 32.65 | 20.76 | 1429.9 | 0.449 |1379.7
50 32.82 | 20.67 | 1632.8 | 0.428 |[1580.3
51 31.36 | 21.64 | 1555.5 | 0.610 |1494.5
52 30.64 | 22.18 | 1638.4 | 0.710 |1570.9
53 20.70 | 22.88 | 1712.3 | 0.770 |1640.4
54 43.09 | 15.66 | 1786.5 | 0.034 |1770.9
55 .44 | 16.71 | 1672.2 | 0.083 |1648.7
56 39.87 | 16.94 | 1676.5 | 0.125 |1647.7
57 35.25 | 19.22 | 1778.5 | 0.187 |1742.3
58 37.85 | 17.88 | 188L.9 | 0.194 |1843.8
59 38.28 | 17.69 | 1843.5 | 0.213 |1804.1
60 37.77 | 17.92 | 1734.4 | 0.223 {1695.3

/continued
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Run — Tb —_ — —_
Number AT, Eﬁ_f- Fr Fr, Frg
61 37.42 | 17.92 | 1734.4 | 0.223 | 1695.3
62 36.34 | 18.64 | 1761.4 | 0.322 | 1714.1
63 34.91 | 19.43 | 1902.1 | 0.417 | 1846.2
64 36.60 | 18.52 | 1671.4 | 0.450 | 1617.0
65 36,21 | 18.75 | 1883.9 | 0.380 | 1830.7
66 32.78 | 20.71 | 1750.9 | 0.510 | 1691.7
67 35.04 | 19.39 | 1987.8 | 0.481 | 1926.4
68 35.15 | 19.30 | 1965.1 | 0.534 | 1900.8
69 33.91 | 20.04 | 1938.2 | 0.725 | 1863.9
70 42,06 | 16.04 | 2108.3 | 0.047 | 2088.4
71 40.81 | 16.56 | 2150.4 | 0.065 | 2126.8
72 41.35 | 16.35 | 2107.3 | 0.145 | 2072.5
73 38.07 | 17.80 | 2294.0 | 0.265 | 2245.0
74 38.72 | 17.51 | 2141.6 | 0.310 | 2090.4
75 42.36 | 15.96 | 1997.7 | 0.062 | 1975.5
76 42.73 | 15.81 | 2106.1 | 0.045 | 2086.6
77 44.39 | 15.20 | 2052.8 | 0.020 | 2040.0
78 44.79 | 15.04 | 2176.5 | 0.031 | 2160.0
79 42.69 | 15.81 | 2189.9 | 0.061 | 2166.8
80 42.31 | 15.97 |} 2071.9 | 0.030 | 2056.2
‘81 42.06 | 16.06 | 2147.9 | 0.056 | 2126.1
82 42.27 | 15.95 | 1650.7 | 0.047 | 1633.2
83 45.15 | 14.92 | 1542.2 | 0.038 | 1527.0
84 43.03 | 15.71 | 1903.4 | 0.029 | 1888.5
85 43.51 | 15.52 | 1980.0 | 0.025 | 1966.1
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Table 4.6

Local Results = 1

Submergence

Steam temperature

Compartment number, counted from the bottom of
the tube

Bulk fluid temperature

Overall temperature driving force

Liquid mass flow rate

Vapour mass flow rate

Liquid phase Reynolds number

Vapour phase Reynolds number

Two-phase mixture quality

per cent

1b/hr-

1b/hx
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S5 020367385 7057 8761877719, 3 10 23365, - 11509, 02147
) ] ) & T102.G5 39316 T 874,37 723,38 23190, 14199, .02648
T ST TS R TELIP TR0 287 3857 TR0V TT27,7. 0 23938, 16534,  -03085
i o . T ":_'"8' 102,42 38%54¢° ’*866‘2—"“ 31,9 ° 23059, 19015, .03549
: T 95101,43 74092675 866,17 5038, 0 -
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e e e % M01.38 4063 682,57 22,87 23234, 13655, 02521
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ST RT Um e e 9 L100067 415907788 4T 37,377 22682, - 22357, :04119

6L



S Ts 0 Tei ATt Wit Wai  Reu Regi Xpt

e e e ———— -~ - - e e e e e e

|
i
1
|
!

. e e e L e e e ame e o L “—y

T
!

__RUN 10 60, 124.50

!

i
n
l

— a— T e e Tl SELL LT T 2L LTl T S -T2 [ - - e Ta — -

oA o 11635727 37740~ 19409 77,87 30812577 1075, 700158 < --
b . o 2 _102.92 328484  9135.4 7,3 30396, 4357,  .00640
S Zro T i 3 962,57 39347 1130.8 14,9 30155; 7125, ;01045 -
L S _ &k _%02.52 3956 _1126,7 T 16,0 30032, 9548, 301401 i
RIS ANS LT T LT F 160,47 40%55-1121,5 0 21,30 29714, 12795, 20186157
e o 6. 101,77 40361 1416.8 25,9 29527, 15497, 02269 "~
P 70101.687 40071 _ 112,56 77 30,177 294520 7 17933, T 102634 . <=
o ) L 2.8 101.%0 40367 168,17 T 34,6 29338, 20694, :03031
i YRR I Ol 9. 100389 Th2549 1101.2. 4105 288400 24894, 103636 =07
__ _RUN 11 12, 124,45 - ] .. T T
e 1° 103,12 38430 - 1256,4 0,4 ~ 33708, T 248, ,00033 S
X ) d 163,24 38,18 1253.1 3,7 33661, 2227. +00298
) 3 103.1946 38535 1249.1° 7.7 33518, 4614, ,00617
R b 103,05 38v54 1244.9 11,9 33374, 7098, .00948
S 5 102,67 3%9.2n 1239.9 17,0 33101, 10108, .0134% -
L i 6 102,51 39,48 1235,2 21,7 32918, 12918, ,01723
o 7 02,46 39,59 1230,S 26,3 32773, 15695, ,02093
3 8 102,41 39:68 4225,7 31,1 32627, 18567, .02476
R . 901546 A1%3B 1218.47 58,2 32109, 22847, .03039

RUN 12 72, 123055

, 1 103,28 36.4% 1415.6 1.2 38044, 723. .00086
. 2 103,04 36.92 1411.3 5,5 37830, 3253, .00384
- 3 10e,%8 37s02 407,48 9.4 37703, 5578, .00661

& 162,74 37446 1L02,9 13,9 37481, 5292, ;00082
-8 1062.93 3656 1397.2 19.6 37083, 14683, 01381
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_ RUN 13 78. 124.2C -
e T 1 104,39 354667 1606,8 1,0 43743, 590, ,00062
o ) 2 _ 106,086  306:21 '1€02.3 5,4 43445, 3236, ;00339
EEs T : o3 403.98  36.40  1596,3 9.5 43285, 5637, 00590
o ) & 103.71 36:i8° 1593.6 14,2 43027, 8449, 100884
= " 5.-103,00 "38.,1e¢ 1587.4 20,4 42529, 12163, 01270
. 6 102.82 36,48 1582,5 25,2 42317, 15034, 01569
et T ) =77 102,84 38344 45782 29,6 42211, 17640, ;01841
o L 8 102,55 38:%7 1572.7 35,1 41926, 20938, ,02184
T T "'5 9-.1061,33 __ 41316 1564,3 43,5 41167, 26043, .02707
 RUM 14 88, 123 ?s T o T ’ *
T - 2177104071 365280 192107 0 T, 52445 676, 400059
o o B i 2 104,39 34, aa 1917.14 5,8 52158 3445, ., 00392
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- . T ‘:._ " 704,09 35, 3a i 1908,4 14,5 51749 8609, ,00754 =2
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o 6 163,17 37, oa 18%0,7 26,2 50911, 15595, ;01362
= STLEE e 7 5103z 62 "37 1891,?::;-___31 .2 :_ 50694, 18585, 01623
102,86 37, 5@ 1886,4 36,5 's0467, 21727, .01896
Z301070 3906921877, 655 745,57 249595, _“zzgps.;; 02366 _ .
e l; T T TIZEAE510A042 T 37364 190106 T C1,0 T 51753, 617, _;0Q055
~ S 1 T 30 37589 1897,3 5,3 " 51546, 3128, .00277
e T I 340437 37477 1893.4° T 9,0 T 51501, 5353, 100474
] .. 4106510 38%2% _ 1888.S 14,1 51212, 8394, 100743
R - Z 573030407 39 51 1881.6 . - 21,0 50634, 12490, .01103
o L . ﬁ~6 103, us 40509 1875,9 26,7 50304, 15889, .01402
SEUE o T T syt 700102462 4G537 0 1676.6 0 32,0 50074, 19064, 401682
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2. 103,52 45358 _1092.5_ 8,0 29438, 4749, 00726
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L4 103,20 4637 1082,0 18,4 290547 10949, 01671
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) 2 106,10 45571 1354.5 6,9 36734, 40468, ;00503
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e T 6 163,24 47327 1331.0 30,64 35754, 180831, 02231
R 7 103,26 47.22 1325.2° 36,2 35607, 21537, 02458 "
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104,30 45336 1723,5 3 46843, 22060, .02111%
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102,89 54382 C s1e.5 . 2,7
2 102.26 56500 S512.8 8,7
3 102,10 56325 _ 507.2. 14,3
4 102,18 _56”10_“_501LZ _ 19,9
vS-_101,85~ 56370, _495,6-- 25,9 .
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____RUN 23 53, 133,30 .
oL L Tt 1 103,917 5279G - 852,81 2,4
e . 2 103,29 54502 E4e.b 8+6
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o ) - 4 403.91. 54234 635,3 19,8
AT T 5 -102.57 55334 828.,7 26,47
e N ) 6 102,46 55750 822,77 7732,5
= - - - 7 402,747 555017 817,57 .38,2
o i A 8 102.67 54,77 810.9 44,3
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_ RUN 24  65. 132.7¢ T T e e e
SR T T s Y 103,67 TS2526 11678,47- 71,0
| L o _ 2 163,07 52.25 1073.14 6oh”
- 3 105.41;;52%72'31Q6D.9i:‘ 12,6
‘ _ 4 103.43 52369 1061.1 18,4
2 T 5 102.92 "53:64 T 1S40 T 25,4
\ e - 6 102,08 54,03 147.4 32.1
| N ) 7 962,75 53%99 “q061.277 38,3
L _ _ 8 102.61 54314 1034.4 5.1
. . 9 101237 56340 125,91 54,4
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12690, 26132, :08393
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]
23078, 1404, ,00276 g
22754, 3115, .01005 P
22555, 8512, 01674 b
22407, 11816, .,02320-
22100, 15761, 03090 - =
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21827, 22768, ,044646
21695, 26406, ,05%182 -
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28963, 3783, .00589
28713, 7472, ,0%163 -
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L67324=543.87 7 45,7
536 4 53, 1

665 84
€858 - 527, 4 ;" 61,9 -
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k6, 439,80 T e e e
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-RUK 3 RASRYA 18845, 1765, 100425
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1°_103.81 64342 7 €86.4 3,0
2. 103,49 _65:18_ 689,2 10,2
3-.103,48 65110 682,40 16,9 48381, 10068, 02420
. 4 103,62 ©6.93 " e75,7 23,6 18229, 14047, :03378
T TR ST 0 T ST D SB L 103,(5 65,97 w679 31,4 47906, 18710, 04492
6 102,863 66,37 60,4 38,9 17662, 23192, 05565
703,04 65.96 — 653.3 46,1 17512, -27440, 06588
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Table 4.7

Local Results - II

Compartment number, counted from the bottom of
the tube R -

Two phase mixture quality -

Heat flux . BTU/hr f£t?
Two-phase heat transfer coefficient BTU/hr £t*°F
Liquid phase heat transfer coefficient BTU/hr £t2°F
Lockhart-Martinelli parameter -
Film temperature difference Op

Dimensionless reciprocal of the film tempera-
ture difference

Homogeneous Froude number -

Liquid phase Froude number | -

Vapour phase Froude number -
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9 (02937 - R22167,--15446,2 79706 - 1,936 0,913 14,36 47,01 - 1736,9 1,490 1636,7 - —~

LTI T 177 00125 01916257 1689.2 919.0 - 1,838 - 0,066 141,34 60,11 14,5 2,039 -... 5,7 -==.-
; (00472 19827, 457¢c.3 912,27 1,721 0,221 12,63 53,86 114,37 2.022 85,9 - 5"

" 200657 20531, 1623.:3 909—*- 1,785 _ 0,315 12,65 53,73 231,8 _2.012. 190,46 - |

“ 00968 T 21313, 1714,8 906.7 1,899 - 0,402 12,43 54,65 381,3 2,003 328,97
01263 22934; "1713.8 _904.9° . 1,900 _ 0,526 12,92 52.50 670,71 1,989 S59%,0 <
14617 23672, 1816,7 B8990 2,021 0,621 12,70 53,35 960,77 1.979 875,57 -

T 01667 24050, "1960.9 B9s.6°  2.187 0,711 12,27..55,22 1284,3 1,969 1185,7 -

y019186 25223, 2933.6- 8937 2,387 0,811 " 11,82° 57,25 1708,2 4.958  1594,5 -

) 102331 k26?¢8 2053 0 8gm.2 2,294 0.988 12 9s 52 13 2683 S 1.939 “25a1;2- |

1l

f

'

t

1

+

i
VRNV UGN

1
K
()

ST - P - R i os " ST o T TN s - =R T EEELI R S e ﬁ._i:;f:’—_ﬂ —"_Lf' < -
* RUN G- - - i FERR. - e TR 7T T~ - TR T = T — SIS LT sl R ST T D . o nl —_— T - ~ =2
=T 1 .oross 15804, 1121.8- %66.0 1,159 0,020 14,09 48,26 4,9 2.337 0.5
- 2 .Cn2e0 16523, 1183.7 963.7 1,228 0,102 13,96 48,68 33,3 2.3248 18,0 .
LT 3 00323 17349, 1308.2 962.9 1,359 0,157 13,26 51.24 - 70,0 2.323 _ 46.9 .
) 4 ,00504 18139, 1335.3 96n.4 1,642 0,236 13,09 51,87 151,17 2.3%6 116,0 -
T 5. ,00773 18857, 1370.4 958.3 1,434 0,351 13,76 49,26 338,3 2.299 284,9 |
6 0L9E7 19645, 1424.0 9521 1.496 0,441 13,80 49,08 543,9 2,288 475,64 -
T 7 07984 206474, 9507.4 94%.6 -1,58% .0,5¢2 13,58 49,83 776,9 2.278 695%,0
& L0140 21992, 15c0.3 946¢.5 1,648 0,611 13,58 49,79 1089,%9 2.267 992.8
9 L017¢b 21910, 1461, .5 939.¢ 1,557 0,770 14,99 44,98 1831,9 2,246 1705.8

= e w e . s X L TN e em et e e WS TR TR TN YSe mgie e




L Xe - 9 |11-p(, h,_z h-rpa/hu (1/th) AT-E(. m/Ah) _T:"j. FVLL F"j‘:_

]
)
I
]
I
Hh‘

FUN 7 - - - f e Tt - T T EET -

= 1 00074 15896, 13n5.4 059 6 1.416 0,061 q11.?9 5?.81f“gf 6,9 2.?36- 2,2 - -
T 2 LG0352 16672, 1319.1 946.%  1.393 0,169 12,64 53,80 ° 76,2 2,227 52.4 -
= 3 ,005e1 17560, 1385.1 943.85 1,468 0.259 12,68 53,59 173,3 2.210 136.4 -
: T4 00751 18447, 1479,1 9%40.9  1.572 0,339 12,47 54,43 297,55 2,201 248.5
T T 5 ,09068  1¥eR3: 1486.4 934, ¢ 1,587 0,447 12,93 52,41 531,4 2,187 465,67

& ,07228 20110. 1502.8 933.2 1.675 0,557 12,37 52,63 784,3 2,177 703,8 -
T 7 01444 20193, 1648.2 930.% 1,772 0,627 12,74 53,11 1091,7 2,166 996,7--

i 8 01660 21811, 1734.2 - 927,58 1,870 0,715 12,58 53,76 144B,3 2,156 133877 ©
I .02033 J?2024, 1€29,3 920.9- 1.771 _ 0,876 13,39 48,56 2301,5 2,136 2163.4 -"
poosT o T TERTE I E EE TR G iR TR T PO Ty FAREAEESSene T o T o

. RU N‘ : B - g =R T EsT T - —_— . oI = L S L — RIS AT T T e e TTTRT T - = -

¢ o % L00202 223283, 1145.7 bL9n.8  2.336 0,104 19,54 34,73 6,5 0.433-. 3.5 -
2 00741 23055, 1134.8 437.19 2,330 0,340 20,32 33,34 59,6 0,428 50,0 3

Lo . _ _3%__.0%200 23i06. 1181.8 484.8 2,438 0,528 _20.j6__33.6§___145.5 0,424 133,1 -
& L0615 24507, 126B.2 48%.3 2.6824 0,692 19,39 34,91 260,3 0.421 23%.8 - - |
S 02147 25427 12C7.3 48g.2 2.702 0,906 19,60 34,50  46L,8 0.4%6 437,46 - |

- 6 02668 26267, 1206G.7 477.7 2.848 1,102 19,33 34,96 708,8 0.411  675,0- ;
7 ,G208% 27128, 14¢o 9 476.4 3.908 1,266 1B.32 26,91 942,4 0.408 903,6 -
8 ,0354% 273¢p0, 82,5 474.% 3,182 1,459 17,57 38,50 1229,7 0.404 1185,5
2 .0&226 2Be? b 1491.3 A7u,1.  3.172 1,722 18,96 35,58 1852,2 0,398 1798.3

RUK-™ © S .- To-sTT e Senos T T

00142 2406, 1000.7T 491.8 . 033 0,077 22,01 30,73 L,2 0.440- 1.9
LOlogG 23215, 1962.2 488.¢ 172 0,293 21,36 30,92 46,0 0,436 37.5
09097 26140, 1111.8 486.¢ 2.286 0,494 21,71 31,10 134,6 0,439 117,
» 01523 R4v 45, 1786.0 4848 2,447 0,666 21,03 32,11 250,7 0,428 230,4
,12031 20039, 1233.2 482.¢ 2.558 0,871 20,94 32,22 446,55 0,423 17,5
(02521 20595, 123%.6 4798 «,688 1,066 20,63 32,70 686,2 0,419 652,7
L2068 27439, 13R3.%7 4733 .82 1,236 19,70 36,26 934,3 0,415 895,3
W07443 2244, 1402,7 47A.7 3,431 0 1,417 18,92 35,67 1242,3 0,411 1197.5
04110 28526, 1440.0 4749 3.051 1,703 20,09 33,51 1887,1 0,405 1832,2

]
Lo~ wm AN -




e L ) Xb'- : cl*- l'\TP'L ) h!_i L hT?t/ bu'. (1/x&{;)t AT{L (Tblﬁ'rp)(, F:I’ii Fr“‘, F':gl' ~
-2 RUN 10 dm T lrellEVIETE o7ER Y Ul R L AR oL mnid _____-~_______;1.§;__f_f:-:;;_ T B
e 1_ .Ob1bB 23553.— 1193.0-: 595, ? 2.003 0.083 19,74 34,38 -?7,3-0.702-.-- 3,5 -
== 27 .00640 23059, 1148.1 394,49 1,942 0,298 20,87 32,45 74,0 0,695 60,3
Somme 3 (01045 - 24527, 1%64.1 5BR.2  1.979 0,467 21,07 32,11 186,9 0.689  164.9 - y
i T & 014047 25177, 1219,1  586,.4  2.07% 0,610 20,65 32,76  326,1 0,686 296,9-- -
sxEsr— o005 -, 01861 260705 0 1244,2 -582,7- 2,135 -+ 0,798 20,95 - 32,26 583,1. 0,677 - S544,0--" |
o 6 02269 27(45. 1315,3 "58n.3 2,267 0,961 20,56 32,84 867,3 0,671 819,7 <!
CTos FEL T 40263428101, 1437,4  57&;8  2,483-- 1,100 19,55 34,55 11506,8 0.666 - 10969~ —
- -8 7,03031 B$36v. 1583,5 577,07 2,745 1,253 18,54 36,43 1512,3 0.66% V449,87
FEzzE 0T 9, 40636, 30781, - 1398.9 . 574.4.2,798 1,509 19,25 34,99 2315,9 0.651 2238,8-—-:
“pun' 11:““‘~ S T FeETTE RS SR i
I 1 00033 210047  956.1. 21,99 30 81+ 1,9 -0.85% -— 0,2--
2 ,00298 23121. 1108.7 20.85 32,50 -23,5 0,847 15,5 .
Sl 3 ,06617 24270, $1Y9.7 638.7 1,878 0,287 20,19 33,57 82,6 0,841 66,8, - =~
b 400948 25352, 1301.7 0636.7 - 2.045 0,424 19,48 34,79  182,7 0.835 154,8 - o,
=, S 01345 2652&;. 1377.8 633.5 2,175 0,588 19,25 35,15 ., 363,5 0,828 - 32%9,7- =
| - 6 01723 277(5. 1456,8 634,19 2,356 0,737 18,63 36,31 586,8 0,822 543,7 -
| 7 ,Gz209% 26800, 1609.3 620,00 2,558 0,882 17,90 37,80 857,8 0.815 805.7 ——--
- 8 402476 3C0L47. 1761.2 o02n.9 2.8309 1,031 17,04 39,68 119Z.,4 0.809 1131.0 - !
- 9 .03639 31234, 1755,2 624.3  2.82% . 1,265 17,80 3?.91 189L,9 0.799 1817.9 . -
FU” 12 - - _.- = - - — T LD = e T TEL- efm- o= _'— = SETL e T - -
-1 ,0c0%6 224921, 1116.8 706,464  1.581 0,048 19,87 34,12 S¢6  1.081" 1.6 -
2 00386 23¢c20, 1170.5 703.9 1.663 0,188 19,67 34,45 46,5 1,074 33,4 :
3 00661 23t¢8, _1258.8 Tpz.1  1.79%  ©0.306 19,04 35,58 120,1 1.068 98.5 - .
) 4 L0098 24870, 1324,3 6vo.5 1,893 0,440 18,78 36,06 252,6 1,060 221.0 |
5 401381 25764, 1344.2 "UHS.5 1,933 0,606 19,18 35,23 500,4 1,051  455.6 .
6 L,01700 20455, 1399,2 093 9 e.019 ¢,735 18,91 35,73 752,0 1.044 697,40 .
-7 ,02009% 27¢%6, 1573.4 694.3 2,276 0,856 17,77 38,02 1037,9 91,037 9733 :
8 02362 2BLL2, 1675.5 ©BR.7 2,433 0,997 17,30 39,04 1435,1 . 1.030 1363,2 ]
9 .G2893 30048, 1632,2 6823 2,392 1,224 18,41 36,57 230Z,0, 1.017 2206,3 - .



L XBL 9 i"T!’F- h:.i ) hTPl'./hLi. (Q/XH; AT:F(. (E/A‘Iﬂ Fﬁ: FrL.E Fl"gt.
. RUN 93T T T e e STl ERNE e A I A
| - 4 ,Ge06R  21486,771007.0 7858 1.396 0,035 '19.59 34,71 4,8 1.395 r.ok_rr
| . 2 ,00339 22736, 1185.4 782.9 "1.514 0,165 19,18 35,42 ~ 45,6 1. 386 LA N
. 3 ,00590 23784, 1281.0 781.0  1.640 _ 0,272 18.57 36,58 119,1 1.379 94.8-.
o 4L 00884 24963, 1378,3 7V7R.1 1.779 0,394 18,13 37,43 252,3 1.370 216,5 !
om0 5 7,01270 .26162: .1414.9 77301 1.829 0,554 18,50 36,81 51%,7 L1358 468,01
T T 6 L01569 27291, 1520.0 770.6 1,972 0,676 17,95 37,71 786,6 1,350 722,88 =~
zrse e 7 101841 28420, 166B.,0 T760.¢ - 2.169 0,780 17,04 39,74 1068.1. 4.342 _ 993 e
| - 8 Lg218k 29546, 1769.9 765.8  2.311 0, '916 16.69 40,53 1514,0 1.332 1425,5
.z .9 .02707 30677, 1704.2 7SB.z 2,248 1,39 18.00 37, 47 2494, 301315 2381,9 -
RU'\I 1‘(” R R ST e e e e T R TR T
L e 10 00059 2169755 1202.2- 908.1 1,326 0,034 v 645 1.996- - 1,3
| - 2 .Go:sezf 2204%. 1266.0 90%5.0 1,399 0,148 17,88 38 02 - 53,1 1,985 34,8 -
< 3 ,00506 PR378%9, 1300.8 90%.3 1.540 0,235 17,10 39,73 126.9 1.977 - 97.2.
I 4 00754 24037, 1496,5 900.5 1.662 0,339 16,66 40,77 263,2 1.966 ~ 2197
\ Ces =8 101092 2670k, 1546.4 B95.z  1.727 0,479 16,92 40,08 -544,3 4.951 . 481,0-
; - 6 01362 27480, 1078.9 Bu2.z  1.882 0,589 16,37 41,40 840,3 1,940  761.5-
- 7 .uso23 28711, 1831,3 880.7  2.058 0,692 15,68 43,21 1184,6 1,929 ,1091,0 .-
8 04855 29082, 200%.3 88Y.0 2,256 0,801 14,98 45,20 1614,9 1,918 '4505,5
_ 9 .023e¢H 31618, 19G6B,8 B7R.© 2,240 1,000 15,96 42,30 2678,5 1,896 2337.9-
RU’Q 15‘ - = E - - S - & 5 = -7 - - - - ;_“ [ I M S L - = T -
- - T ,006055 23053,. 9130.0 89¢.3  1.256 0,032 20,40 33,33 - 6,0 1.953- _ -1,1 -
- 2 00277 24260, 1232.0 Aep.2 1,373 0,137 19,70 34,51 45,5 1.944 28,7 -
- 3 ,00474 25479, 13060.2 896.0 1.525 0,222 18,65 36,45 111,0 1.937 83,6 -
L 00743 260693, 1467.2 93,0 1,643 . 0,334 18,19 37,34 250,7 1,926  206.7
T 5 ,0%103 27606, 1507.3 B8P.4  1.698 0,484 18,51 36,63 544,3 1,909. 483,77 -
e 6 07402 ,29159, 164.2- BB4A.0 1,815 0,605 18,15 37,33 - 874,3 1,897 794,83
y 7 .01682 30333, 1733.4 Ba1.3 _ 1.967 0,717 17,50 38,70 -1250,5 1.886 4155,%-
- 8 .01981 31627. 1B74.6 B878.1- 2,134 0,835 16,87 40,12 1737,3 1,874 1625.1 -
.- -9 ,0¢476 32880, 1820.9 B0,y 2,003 - 1,045 18,06 37,36 2897.3 1.859 2752.7 - -~
= A




t S A 9 et hyg hm/hu. (VX&J ATe (Tb/Am Fr,, CFrg o Pl
- RGN 16--—-‘:-- A aTmTE e =T :-_:‘;::r:::._— Bt ST =R - —_ .-.____‘ - === '_ NS - S "'_"_..-,& T T e =
CeemmaEe e 10 300489281344 1207, 9 S?o.u --2 oas-_ o, 097 23.29 29, 1?—~— 8,6 0.651- - 4 WSimrr s
T T 2 3007267 (293665 1245.7 574.8 2,167 0,330 723,53 28,83 - T 83,1 0.644 - 69,9—-= ¢
DI 03 T L0121% 304365 1313,0-571.7. 0 2,297 0.530 23%.18 29.24 . 220.6 0.637 19? b
TTTUTTTTT T4 00671 31692, 7 1623.8 0 S60.5° 2,500 0,709 22,26 30,45  406,0 0.631 - 374,70
ETES A8 L0212 34739, . 1477,8° 5667C  2.%11 _ 0,923 22,15 30.56 - 715,6 0.624 - 674,0 Fa
T 6 L 0273% 33911, "1509.4 563.¢ 2,787 1,126 21.6% 31,32 1094,7 0.617 1043,.3-:
et o P 0%224 35083, 1704, 4 566, 3,039 - 1,311 20,58 32,88 1504,8 0,611 1444 P -
ST -8 ,0%733. 36294, “1B45,9 558.7. 3.304 1,502 19,62 34,50 2000,0 0.605 T
LN T 9.7, 0R466 37302, 1708 8 552,64 3,256 1,809 20,74 32, 54 3065 3 0,594 29
— RUN 1?._..-_ Al SR IR T =T 2R '_—_: SRS ARG Frae TS e TR T 4—::-,_::_:—‘—-.:___-:_-'-_.::'::;-:— = :—_—"1—"~:k_:.“-.:':§:. Tl I
S 1 00188 30619, 1230.1*:604.& 2,036 0,096 24789 27,31 9,3 0.726= 4,9
2 00717 31452, 1246.5 600, 7 2,075 0,326 25,23 26,90 - 89,5 0.717  Th,2 T -
=L 3 ,01156 32285, 1202.9 567.6  2.163° 0,520 24,97 27,16 234,7- 0.710  209.6- e
b 401668 33.:5,7 1265,2 595.2  2.294 0,705 24,38 27,81 44&,4 0,703 4097
TUo- 3 G023 34243, 1402¢%- 594.3  2.379 - 0,921 - 24,42 27.73  78%,9 0.695 7437 -
T 6 D680 35368, 1509.1 S&v.z  2.56¢ 1,099 23,44 28,90 1142,4 0.689 1087.0
= _ 7 03161 30576, 1636,7- 587,49 2,788 1,278 22,35 30,372 1568,0 0.682 1503,3 ==
- - 8 ,0369% 37009, 1758,3 534.1“ 3.010 1,484 21,56 321,41 2155,0 0.474 2079.4— - -
CELTIT T L9 06664 393«2.* 1735.0° 577.3 3.005 1,796 22,62 29,85 3343.0 0.663 3249,67
-— R!jh 18__ : 2 _— T Se ek L t_oTL e - [P P ‘*' '."‘ - -z ST ARTan. T . -T2 TT e Tt o T .- = - T "— ~o T e
1 L001¢9 28555, 1201.3 CR7.5  4.747 0.059 23, ?? 28,60 6,2 0,999 2,2 -
2 00503 30337. 9327.1 ¢€8BL.5 1.93%  0.235 22,86 29,72 64,0 0.99% 49,0 -
3 L,00887 310 4Y. 1467.0 0821 2.151 6,393 21.78 31,19 178,8 0.983  153.3
) 4 01263 33435, 16¢8,6 o7v.6 7,367 0,553 20,79 32,67 361,4 0,975 324,9 -
= TS5 L09791 36792, 1679.8 ©75.4 - 2,488 0,754 20,71 32,74 . 702,3 0,964 651,2 . : -
- 6 ,02231 3610&. 1813.0 ©72.2 2.697 0,%24 19.72 34,03 1082.,7 0.955 91019.3 )
- 7 402658 37338, 1975.0 6?n.¢ 2,948 1,086 18,91 35,86 1518.,8 0.947 1443,9 - - _
L0 38300, 2006.4 666.4 3,101 1,278 18,58 36,45 2161,8 0,937 2072.8
3 ,8%?,33 39460, - 19"}6 8 v58.6 3,004 1,565 19,96 33,82 3446,9 0,922 3335,1¢




1
-
3
b
b
6
7
N
- 9

DI~ O I NI

-

.- et

(Tb/lm’-

27, 96
29,22
30.3?

31,00

30,92-

31.88
33,66

34,%0

- 32,46

Fr,;

5,4

48,8
145,9
326,7
641,9.
1010,7

_14144,0

1970,6

_3212,1 . 0.

Xsi ‘iz hn’i - hu'. hTPL/ hu. (4/)(&
.00007 2797? 1150 5 oa? 1 :_1.675 0.053 za 32
y00435 29346, 12061.2 ©685,3 - 9,844 0,205 23,27
+QUB03  3C675,. 1370.4 583.0 2.007 0,338 22,38
01227 3196%,< 1458.4 67%,7 - 2,146 0,528 21,91
01718 33248,- 1595,7 075.2  2.245 0,734 21,94
2156 340643, 1628.1 €72.4 2.423 0,896 21.26
«02565 33988, 1787.2 . 669.¢ C 2.668 1,051 20.14
(03028 3?27&. 1919.9 G66.,9  2.879 1,227 19,41
203712 8520, - 1351,7 o5e.0 2,810
206190 2888?. 1469.2 81% ¢ 1.312 0,094 19,66
10672 29842, 1434.0 BO®.B 1,784 0,300 20,81
201024 30e77, 1480.6_ 80n.3 1,850 0,441 20,72
01340 31720, 1582.4 7P9R.G- 1,9R3 0,564 20,05
017588 32555, 1593.6 - 793,14 2,009 0,730 20,43
«0214% 33593, 1661.2 78%.3 2,104 0,879 20,23
y02484 35059, 1826.7 78,2 2.32% _1,009 19,19
,O0N863 36842, 2031+1 78%.8 2,591 1,153 18,12
P Q3470 _38049 _2019.5 ??a.9 2. 606 1,412 19,14
10077 30543; 1609.6 353.1 1. 957 0, 088 18,29
(00640 31584, 1644.2 B4m.0 1,943 0,286 19,24
vG9i3071 33797, 1863.7 840.0 2.21% 0,548 18,13
01739 3483E&, 1879.8 B834.4 - 2.253 0,721 18,53
v02111  3606%¢., 200°.7 83p.8 2,411 0,864 18,02
2463 37398, 2977.7 B2r.U  2.630 0,798 17,17
f02873  38C10, 2344.8 B2%5.% 2,846 1,156 16,60
L3A9T 40435, 2246 6 8494.1 2.760 1,421 18,00

Ty Y e et A AT A ps % mmam

. 32,87
33.97
33,28
33.59
35,39
37,46
35, 35

539,
938,6
1401,5
1877,0
2500,9

600144 1.

Fﬁo

0. 99?
D.9%0
¢.983
0.974
n.963
0.955-
0,947
0.937
0. 922

. 122,9 s o hon,

Fﬁp

— & e -

1.8 -Q -
35,9 -

292,0 =

593,2

949,85 - =
1361,8 = -
188576 ==
31062 —

866,9 -
1313,9-
1775, 6“,:,}”

zsaa,z‘: oo
3654.6“:~T19

el B




= mm 22"" TR LR R s
. .00510° 33629, 1142.9 -315.9 _Hs 618~ 0,262
"~.01609 34101, 1928.0 3120  3.615 0,719
102749 3474h.  1158.9 308.1 3,750 1,141 g -256,9 0.138
03808 35602,  1221.0 306,5 3,986 1,543 483,9 0,135
" Q4977 "363X1, T 1246.7 ~303.0 - 6,107 1,993 - 23,14 — 836,2 - 0.132.
106096 370A0: 1293.9 300.%  A.311 28.64 23,58 1252,8 0,129 =7
-2,07293~ 38050, 1436,2 _297.6 . 4,826 26.96 25,08 1720,3_ 0,126 1691,0=5=
08393 39077, © 1556.0 .°294.8 5,279 ° 25.69 ~ 26,31 2302,8770,123 2269,3=~
Za 8817 41607, 1588 _R8el? 897 26,20 25,74 ~3367,3 .0,119  3327:3z==

P

f

)i'oapﬂo-mbumd—t

oM
y

i
i

:

H;I

T

RUN 23 o .

T TS TE 32350 1134.8 472,55  ~2.402

33283, 1149.%  A6R,T . 456

34329, 1208.3 465.3 2,597
JU2320 35275, 1275.1 462.8 2.755
y 03090 36480, 1317.4 458.7 ¢.872
f03802 37044, 1395.8 4558 3,062
04466 38732, . 45%,¢ 3.369
!05182 ﬁUBJ1I h51 A 30709
(06158 41043, 16 445.3 3,783

?1
2
3
(A
5
6
7
8
9

1

v 06097 31689, -569.3 1 963
00589 3476¢., 567.0 . 2.36%
901163 36111; ¢ '563-? 2-523
09703 37271, 564.3 2.717 -
02357 38245, 556.% 2.787
P 02971  3%CT74. 253,58 2,898
03567 L0277, 554 .4 3,136
104379 41750, - 247.8 3.602
(05060 44184, 1948.3 Sau_a 3,603

O~ OWV B WA -




A .
e e ey .
\

t Xt 9 hTPi "‘LL hTPt/}nu (A/Xte)‘ Ak‘ {'5/5'{-) Fre
RUN 25 L T e RAm L m e c ERE | LSl o rol L3R L TR ““A;: ff—_"";_zz_._ :"‘}":_ﬁ:;-:'-— o
e % LU616% 26665,-  B830.5 5896 1,409 0,059 32,11 21,16 - - 4,3
: 2 ,0G5e% 27774, Be8,9 586,3 1,482 0,265 31,96 21,23 55,7
s~ 3 - 04033 28842, --907,3 -58%.2 . 1.556 6,457 31.76 21,35 169,1
= - b (1452 T 2YBE6,- 965,55 584.2 1,661 0,623 30,95 21,90 322,4
—e=o—s =5 4099k 30825 1000.1 B7Y.e . 1,732 0,827 30,92 21,90  591,6
= 6 -,02435 31904, 1052,9 S7s8.0 - 1,839 1,010 30,36 22,30- 905,5
CET ? y07390 - 33c03,  1119,2 - 5730 . 1,953 1,182 29,49 22,96 1261,2
e E s 033857 34007, “117734 - 57047 2,064 1,371 28,88 23,43 1728,5
. ;‘_T?; 04088 35(80, ‘1163 4 L 564.0 2,083, 1,667 30,15 _22 33 2712,4 .
1 “1257: 1,987 0,091 26,42 - 25,75 9,5- 0,
- 1365, - 2.077 0,318 26,34 25,84 93,5 0.799 77.0-=—
S 3 d 13v2, 2.224 0,505 25,52 26,63 240,0-.0.791 213,2 .=
S 4 09640 366487 1485500 023,67 2,381 0,689 24,68 27,547 458,1- 0,784 421,05~
I 5 LQz235 377205 1598.9° o61v.p  2.454 0,919 24,83 27,33 855,1 0.774 Bohi4 o
LT © 6 L0L77% 39¢Co, 1608.3 ©615.5 -2,613 1,129 24,25 27,96 1327,3 0,765 1264,3°7--
CoaT 7 ,0%30% 402¢9, 1731.2 _692.8. 2,825 1,325 23,27 29,14 1859,6. 0,757 1785.4--
8 L0585 416€3, 1876.1 61p:0  3.075 1,525 22,21 30,54 2500,2 0.748 2414.4° -
) 9 04622 43378, 1876.7 ©60».5 _ 3,115 1,853 23,11 29,24 3999,3 0.735 3812,8 -
RLE 27 - e T s - - ST eI TR SRS L *
- 1 00195 33824; -1374.5 . 74,6 1,918 O, 098 24,61 2?.71 -14.2 1.095 7.4 -
2 ,00741 35533, 1434.46 714 7 2.018 0,331 24,77 27.47 135,66 1.082 112.4
- 3 L0474 3682, 1338.9 ° 707.7 2,174 ' 0,504 23,97 28,38 320.9 4,072 284,9
4 ,0160% 38142, 1650.3 TVok,0 2.341 0,672 23,11 29,42 586,3 1.063 537,5
= T 5 ,02970 35356, - 1689.7 0904 - 2,404 0,895 23,40 29,00 1091,9  1.049 1025,2--:- -
oo 6 ,GR65% 40571, 1784.8 €9&.2 2,564 1.078 22,73 29,85 1622.6 1.0639 1541.5-
- - ? |031‘l‘2 l*18300 1900'3 692.9 2.?‘03 1!265 22001 30.81 228300 1-028 218701 .--‘
8 L0365% 43356, 2119:4 O8G.4  3.074  1.458 20.69 32.76 3096,7 1.017 2985,5
& 04397 44283, 2046.5 08,5 - 2.961 1,771 22.26 30.35 -4863,6 0.999 4?25 1




L Xt qi hret

RLN 28 T S -
Tt Y S006e? T 41145, 14€3.7
) g 0215 41335, 1180.8
£ T3 L036U5 (41548, 1208.3
i Tk 05053 A2562.77 1243.1
- STUTET 8 40e58% . 43305, T 12¢9.0
- 6 LCE0E3 L4403, " 1333,6
ST 00587 63630, 142409
8 %70 47252, 1543.7
=9. 7010995, 49093, 1589,9
s -“--1-ﬂ.oossak-39aa?; 1134.2
SELeTre 2 0173 LOB1A,. 115042
;T;g?;;::3;13 502883 41917, 1R202.6
TR .0a01? 63240, -1286.3
o 5 G526t 44476, -1338.2
Sl 6"“;0(50? 45844, 1418.2
SrmmmEm s fo (0T E5T 66047, - 1466,5
TooeTES 3'8—- 0011 48447, 1026,2
L tz?i;~.1osu¢ 49638 ﬁ,1§25 1

. 41;29
&1°02.
 h2hé6, -
4356#(
L4507,
45585,
€78,
48145,
K90852,

~1227. B

1225.8
12¢2.%
1345.1

_1343.8
1418.5
1459 ,4

1509.7

1&#1-3_

- 3241

3364

33%.9- -

"330.6
327.1
323,64
397.8

318 LI

T 2,005

(n/xte), Am (Te./m\c}

0. 309

0.905

1,660
2|599

3,166

3,741
4,355

35,17
34,85

430,55,

34,44
35.00
34,72
34,24
34,20 19,76
33.30 20'30
32.02 21,42
30,61 22,09

- 30, 88 21, 84 .

19,67
19,33
19,48
19,75

19.20
19,08
19,42
33,62 20,14
33,24 20,36
32,32 20,92
31,37 21,56
29,79 22,72
222,10

35,48

Fh,

1
12
34
655,9
1143,5
1749 ,1
2470,4
3279,7

Co 00 Do

- 4745,7_

*14!5
134,90

- 35910

691.3
1203.7
1784,6
2501.9

‘3396'3
_ 4875,7

0,485
0.181
0.177

0,173

.0,168

0.164
0.159
0.155
0,150

0.135
0.180
0.176
0.172
0.167 .
0.163
0.159
0.154
0.149

10.8
118,4

- 329.3

634,8
1116,0
1715.4
2430.9
3234,8

Jkev2.s




i l Xt
= RUK 31 ==
=T TEREm Y o h0b28
e LAt
LoEE RT3 202420
St TR 477,03378

'|00239

- 01752

iﬁg;;ﬁ%:%_a;?{:.eso9i
-~ 8

s =30097C 40¢21,

6 402515 44péd,
- oe03377_ 450822,
|04240 L?L41l:

105946 50813,
;;f;f;:t9izuo?oen 52087

— e T

-5 00343
-1101155

(6692

52177, 1932.8 506.4

- 9t h'rPt. he¢ h‘rp /hu. (A/Xee)e AJ-F-'. (lb/Al;) FV'E Fri
41408;'*1456 o 3401,¢ 3 1z?k 0 202 32.9?~ 20,60 12 ? 0.262
41049, 1254.0 397.5- 3,154 0,622 33,37. 20,32 123,4 0,256
42510{ ’"1293|? 39‘.4 _3.280 "‘-olggz 32-86 2016," 329!" 0.251
43611, 1374.3 391.6 3,510 1,349 31,73 21,38 625,8 0,246
T Ako24, 1396,3 386, 3,609 1,777 31,96 -21,20  1136,8_ 0.240
43813, 1458,8° 3B=,0 3,809 2,185 31,41 21,56 1759,6 0,235
67135, 1573,1 - 380.1°  6.139 2,559 . 29,96 22,61 2422,2 0.230
h8324,7 "1072.0 3767 4,39 2,962 28,90 23,44 3258,4 0,225
}_010( - 1709.3 -370.3 6,617 3,534 29,43 22,95 4851, 00,218
39122.. 1116.2 460.9 **2.255 0,121 35,05 19,37 8.4 0.442
1207.7 49%.7 2.456 0,429 33.88 20,03 95 9 0.435
A2L0h. _1PBA 4. #BB.C 2,632 - 0,739 33,09 20,49 - .298,9 0.428
T 1383.8 485.0 2,853 1,030 31,85 21,29 601,9 0.422
1472,0 #80.7 - 3,062 1,362 31.13 21.76 1096.9 0.414
13¢8.4 476.7 3,290 - 1,69% 30,25 22,38 1741,2 0.407
(49015, 1690.6 _47z.3 - 3,572° 2,010 28,99 23,35 2497,0 0.399
1860,% &76,.2 3,957 2,326 27,31 24,79 3364,3 0,392
_1864,4  463.3 4,025 22,795 28,10, 24,03 uiiné.éh;o 382
41ﬁ?3.:{j3??.7;;541;a 2.548 0,164 30,10 22,62 “17,5 0,547 -
4210077°1356,6 835.9 2,532 0,499 31,03 21,89 159,5 0,537
6209€, 771413.3 7 532,68 - 2,653 0,765 30,42 22,33 388,8 -0.530
43581, 1487.0 526.% 2.806 1,021 29,58 22,97 714.4 0.522
45901, 1512.3 524.7 2,882 1,340 29,82 22,74 1290,6 0,513
w6LL4,  1602,9 S2v.& 3,076 1,621 28,98 23,40 1933,1 0.505
48(12,- 1733,2 517.9. 3.346 1,898 27,70 24,48 2686,6 0.497
50027,  18672,3 514.¢ 3.691 2,202 26,37 25,70 3678,0 0._489

5,0
83.4
276,7

570,5
1054,7
1688, 4
2434,3
3292, 1
5018 6

LY




61_-

R ,._%ﬁ.c_ et hu;_‘ l’n?-/hu ("/Xw); A (/) Fro Fri E
© RUM 34 ) { I o )

o 21 .0028C 40880, 1264:0_ 536.3 2,245 __91138 33,95 20,03 12,7 0.537 8.0
. “ 2 ,01033 42151. 1256.6 531.9 2,368 0,452 33,62 20,20 128,5 0,528 112,6
= o3 0G1750- 44435, -13606.5 528.5 -- 2_574 0,733 32,44 20,93 352,2 0.520 325,7
T T T 0241 ;.5734. 1469,6 525,3 2,797 1,007 31,15 21,79 687,3 0.5%t3  650.3

AT 3 03323 4v478, 154004 526,30 2,961 1,337 39,82 21,99 1270,0 0,503 1220.0

LT 6 04148 49039, 16293 596,0 3,157 1,652 30,10 22,50 2001,2 0.495 1938,8

oI oos T 04930 S5C6R8, 1779.2 - 512.8  3.454 1,942 28,62 23,67 2796,4 _0.487 2723,%

TR -8 (5758 52159, iB97,3 505.2  3.726 2,252 27,49 24,64 3808,0 0.478 3723,9

T TESSTTR 006857 54388, 1933.9 - 501.% . 3.854 2,722 28,15- 23,97 5903,5 0. 466 _5799,1

1,710 - 0,069 35 60 19 06 5,00, 631 - 241

1.837 0,303 34,62 19,60 67,6 0,624 55,2

1.975 0,525 33.59 20,20 207.6 0.617  185,6

' 2,139 0,735 32,28 21,02 416,4 0.611 385,72

. 40255, ' 2,225 -1,016 32,42 20,87 841,1 0,601 796,7

03110 41557, 1305.9 S56.4 2,355 1,266 31,82 21,27 1347,6 0,593 1291.7

003716 42030, :-1405,2 -551.6. -2;546- 1,492 30,56 -22,16- 1898,6 0.586 1832.5

: 206374 44280, - 1493,7 - 548.F 2,722 1 741 29,64 22,84 2631,7 (.578 2554,3

o 905282 45?89.——1483 S_548.1. _2:742 - 2,126 30,86 21,86 _4180,0 0,565 -4083,3

: RUK 36 -°° R e e ST e S e o e e :.;:E:‘ET::‘:“_"
EUEEEIEET 1, 00227 L A128200 14112 578 ¢ 272,642 0,113 29,25 23,28 - 10,7 _.0.643

“70 009347 62494, 1455,7 “573.4 -2.539 0,409 "29.19 -23.30 -122.9 0.633  105.9

01621 63570, 7.1509.0 56014 - 2,650 -0,679 . 28.87 23.54 - 354.2 0.624 325.1

4".02258 L4872, - 1647.6 566.&4 2,855 0,920 27.74 24,50 668,5 0.416 ~ 628,5

T '*6030201ﬁ45?69.7 1635,6 _564,6° - 2,912 ~_ 1,213 27,98 24,26 1217,7 0.606 1164,0

IRl 10370 4TS, 1724.6 557.7  3.093 1,486 27,32 24,83 1880,0 0.597 1813,6
jfé:z‘r:sxi? w04442 48282, 182B.1 . S54.4 3,298 1,746 26,41 25,68 2437,1 0.5%8 2558,9
(o T T8 405145 49496, 1955.3  559,3  3.547 2,004 25,31 26,80 3505,9 0.580 3416,3
FLITTSUUTT9 506109 50705, 1963457 543,50 3,502 2,409 26,64 25,38 5356,2 0.567 S5246.5 -

) o . .
.—-""‘r—.,‘- -

gt



-

ﬁ LooXi 9 bl by

RLE 37 O B
_7_-, __1 '00325 40973, 1364.8 598.1 2.282 0 155 30 02
"2 01081 42064, 13%4,3 564.9° 2,356 0,466 30,46
TE- 7T, 01699 43819, 1486,5 588.8 2,525 0,704 29,48
T & 02323 45265, 15$9,4 Sg%.6 2,730 0,938 28.30
IUUTITTSB 03091 46575, 1e37.7  580.3 2,822 | 1,234 28,44
: TT6 ,0380% 48956, 1739.5 576,1 3,019 1,506 27.68
ST ES7 ,04520 49092, 1Ee3.0. S572.4 3,255 1,772 26.67
w7 8 7,05224 51047, 1998.4 S569,0 3,512 2,031 25,54
TIETTETE9 406180 52447, 1965,3  Sé1.1.. 3. 503 . 2,432 26,69
,00102 39033. 119? 9 ©46.2 1,854 0,055 -33, 25
+00578° 41285, "1301,1 64l.4 T 2,019 0,264 31,73
_;01112 42694, T1354.9 649,672,176 0,478 30.61-
: 201647 ~ 4146, ~1507,1 “639,1 2,358 0,683 29,29
EETETT i_;ozsaz 43555, 21550.9 633.5 ~-2.448 0,953 29,37
- 102995 47095, ~1837,0 620,94 2,602 1,203 28,77
- 7703586 4B4t6, T1755,1 626.2 2,803 1,422 27.59
104233 7 49824, "1809,6 622.5 ~ 3,003 1,662 26,65

e :-;;;9;1105141 5127?.-‘1s¢a 67 ©13.6 - 045 28,10 2

19 ? 0. 696

22 ?z

22,35 172,77 0.434
23,08 408.5 0.676 B
26,04 - 745,8 0.667
23,89 1355,1 0.656
24,52 2077,5 0,646
25,44 2931,5 0.636

26,56 3894,9 ¢._627
225,34 5899,6 0,613

72,974 2,043

20,45-. - 4,9 0.854
21,45 67,4 0.846
22,23 222,8 0.837
23,24 - 467,1 0.828
23,13 959,2 0.816
23,60 1583,1 0.804
24,61 2245,9 0.795

25,47 3127,5 0,784
24, 06

_5047,5 0.767

N _IE‘TPL,[I'ILt (J\/Xee AEI. fr/Al,C)z Fn. Fl-,_L Ft_-s':

- 13,0
151,7
375,9
701.8

196,14

2004.,9

T 28458

3796,7
5779 9

302
- = .o1osa
“igf%fé;? N .01655

.03@54
03762
104643
" +0515¢
) '06131_

42831,

4A359,

45795‘
L723G,

480190'
5C0(¢9,.
513¢8,
5292ﬁ§

k1442,

1§L492 - 0'
1476,3 603.8 0,444
. 1582.5._ 600.3 ..0,685
1659,8° 597.2 0,920
_1743.8 - 591.4 1,218
1638,4 587.2 1,484
4072.3 5e3.8 14,736
2105-3 580.0‘ 2'002
2058.5 571, 2,412




A T T hu. Frm/hu /) A (is/zﬂ?) P Fu P
= RUN 4Q SooFT R - D . [ S To.
smcpoae . Y 00189 41073, 1335.4 656 e 2 034 0,096 30.76 22 5 11.1 0.883 5,7
T TS 00760 42398,  1405,1 652,99 2,152 0,337 30,17 22,56 113,1 0,873 94,1
= - cwme= 3 ,01313 43723, - 1403.9 6487 2,299 0,556 29.27 23,26 . 314,8 0.863 .282,7
z 2= -4 LG1873 44096, 1583.1 64L& 2.448 0,769 28,37 23,59 621,0 10.853 275.8
= T8 0, 02577 46952, 1608.4 64G.7 -2,510 1,043 283,69 23,67 . 1205,1 0.840 1142,3
-= S8 103229 47477, 16783 636.2 2,638 1,293 28,29 23,99 1944.9 0.828 1836,0
meaERe 7 203828 48670, 1781.8 0 6321 2,845 1,315 27,31 24,84 2670,8 0,318 2578,1
TR 8 1044507 49906, 1861,6 629.7 3,004 1,745 26,38 25,72 3598,4 0.808 3491.4
o EEEaee 9 - 105342 51275, 1840.6 -620.8 2.‘965 2 122 _2? 36_:24 27 5671.,2 0.791 5538 1 .
= RL‘H 41 TGS T e S S 2R TR sl ~TeEE L LR R mm m mEm T e mt AR SRR L LT
=?grij§§§§f';:.002?6 402044 1341,3_ 681 1 71,969 _ o 132 29.9? 22,79 20,3 0.958 12,4 :
- T2 27400933 61831, 138244 -G74.7 2,049 0,404 30,26 22,527 174,9 0.944- 150,1 -
= ==3- 01461~ 43550, 1499,7 67405 20233 ..0,609 29,04 23,46. 408,4 - 01934 - 370,2 _ 3.
¥ AT 102028 T 45223.751612,8 687.8 < 2,415 - 0,825 28,04 24,29 774.2 0.923 7 721.7 -
== = 5= 02726 406437 1672,6  661.6 :-2,528 1,096 28,07 24,21 -1441,3 0,909 1369,8 - _
R <6 03339 48570, -1788.6 457,5 - 2;720- 1,327 27,16 25,01 2172,2 0,897 20848
ey 272703948 -50200,-1939,8 - 654.0 2,966 -1,554-25,92 26,19 3032,8 -0.835 2930,0
= =8 04575 52(56,—27113:3 o650, 3 3,250 1,787 24,63 27,56 4072,6 0,874 3954,2
. gg;iigggggz;9,w,osaoa 53?75 220658 64n.6 -~3,225 2, 1?6 . 26,03 _ 25,57 6465, 4 _-0,855 6317,6
| A R S = S
TS A e L T Y e e a TR R _%?m;;t?‘rf:,—:—:%—— 2 R N Y S
== RUN 42_ e T T =L e S R R TR R el = L mElTE .l T Lt SR AT TR T, Tt T TR T e .7'71 s ;:r
Frmrssas T 1000925 453557117934 247,01 0 4,774 0,416 38046 17,63 - 16,1 -0.078 - 14,0 :
T o7 8 7402940 46069, 1181.0 242,30 4,874 1,204 39,01 17,35 153,8 0.075 147,19 ,
1zmam I 3, 04937 46872, - 720145 237.9 5,050 0 1,968 - 39,01 17,33 -436,2 0.072 425,19
T T T4 0 500907 47855,  1250.5 233,90 5,345 2,714 38,27 17,66  848,7 0,069 8335
TETITITT 5 C,08956  4B8B1,  1261.5 229.6 5,624 3,511 37,85 17,85 1442,5 0,066 1423,1
TR 67,1107 50087, 1355,27 225.4 6,013 4,322 36,96 18,28 2183,7 0.043 2160,3
T R T W 13129 51560, 144006 2241 6,517 . 5,172 35,79 18,87 3097,1 0.060 306%.,9
- -8 15256 53122. 1560,5 217,0° 7,192 6,027 . 34,04 19,86 4099,7 0.057 4069,2
T 9 W17618 54052, 1623.7 - 214.4  7.680 7, 121 33,84 19,94 5738,3 0.054 S703.1




FhJ

-BLE. -

305.1
300.6
296.7
293,C
288.5
284.1
280,91
276.6 "
.8

A I{:L (TZ/AT} Frc.

- e m s

RUN 43

hTH/ ’m @/ Xte)

a. 132
0.4128
0.124
0.%20
0.116
0.112
0,108

1?.88
17,81
18,02
18,41 °
18,47
18,74

12,8
136,9
~ 388,5
761.1
1336,3
2076.5

0,317 3? 96
0,928 38,07
1,501 37.60
2,062 36,81
2,683 36,66
3,313 36,16
3,931 35,08 19,29
4,538 33,45 20,25
5,350 33,74 20,03

15 5
145,4
402,5
780,3

1361,3

2107,1

3,894
4,019
h.203
4,430
h,620
h.863
" 5,211
2.476
5.912

1188.0
1208.2
_1246,8
1298.1
L 1332.°7
1383.0
S1459.9
15697
:1_(?01!2 : !

45100,
43693,
460686,
b7779,
483851,
530012,
51218,
32513,
564031,

10698

102243
_10376%
05272
- 468G
TLa08524

210138

_113746

113601

319.4 4,055 0,328 36,19

TTUA- (00723 465674, 12 18,76 0.148
"2 402290 47329, 1273.7 314.3 4,053 0,948 37,16 18,24 171,9 0,143
- #03750 47734, 1293.0 310.4 4,166 1,501 36.96 18,33 452,8 0.139 43 =
T,05184° 48330, 1331,6 306.9 4,339 2,031 36,29 18,67 849,5 0,135 828,3 L |
5 =,06739 49377, 13¢4,5 302.3 _ 4.514 2,628 36,19 18,71 1466,2 0.130 1438,7
"6 408264 50515, 1427.8 293.2 4,788 3,208 35,38 19,13 2205,0 0,126 2171.8 7
f?:~? 209796 51471, --1529.0 .294.4. 5,194 -3,788 33,99 19,92 3066,0 0.122 3027,5
= ,11385 53?00.» 1854.2 299,3 5,698 4,402 32,46 20,86 4114,2 0.118 4070,3
- 1721.8 :284.2 6, osa __s 211 32,46 20, 81 5916,1 0.113

|
*

3:487 -0,272

435065

; 121?2.7- 349z2f‘ 37.37 18,1 -16,0. 0.145 12,7
019367 46309, —1227 5 °-3464.6  -3.563 0,811 “37.72 17,9 153,2 0.179  142.9
==wrer 3 v, 03213 47073, --1279.0- 341,00 - 3,751 1,293 36,96 18,34  409,4 . 0.175  392,7
b 404462 48289, -1353,7 - 337.6  4.007° 1,752 35,67 19,02 747,0 0.170 T44.3
- ;05876 49aaz.;;1391.5 -333.1.  h.,1?77 2,291 35,57 19,05 1361.,9 0.165 1332,4
07251 51250, 1480.8 328.7 4,505 2,832 34,61 19,57 2122,9 0.160 2086,2
. 108674 52796,.-1596,9- 325,0 -. 4.913 3,348 33,06 20,49 2963,7 (0,156 2920.9
10116 54¢57. 1741.3  324.¢ 5.424 3,894 31,39 -21,57 3996,6 0.15% 3947.7 :
e -+11820 - 56416, 1798,6- 314.5 5,718 4,638 31,59 21,39 5862,2 0.145

v

B A P S -




et it
R
—

.00533 45201.‘ 1224 8 576 4 _-3.254_ 0.24?, 36.95W 18 39 15.3
“y01787 46457, -1234.0--379.5  3.322 0,751 37,40 18,13 155,4
02971 47322, =1289.2- 36?.?f: 3.506 ---1,202 36,71 18,47 - 420,0
T 041932 '48»@3;1'136:.3-f36a.4“‘ 3,739 1,631 35,56- 19,08 - 794,64
" 0564 497425 1045 7--359,67- 23,007 . 2,132 _ 35,41 19,13 1411,7 oz -
65, 06715 5108?;--1«?6;3—:355;4=E’A}155 T 2,615 34,60 19,57  2163,9 0.195 2123, o-mwxi
403012, - 52655~ 1575:3.7354,6=-6.483 - 3,106. 33,43 20,26 3078,3  0.189 - 3030.%-m=
JOF340 540485 Y1702.5 3473 -7 4,902 3,613 -31,98 21,17 4174,1° 0.184 4118, g-=E==
: .10880 L 86375 7175467 349,070 5.165:. 5,;3} 32:13-.21.02  6030,5; o+

T 06504 452097 1244,3. #10 3 - 3 03%- 0,235 36,33 18,70 :-: 17,3 0.276 — - 13.7~f~w—‘
2 01654 46340, 1262.3 05.1  3.117 0,701 36,70 18,48 167,6 0.269- 154.4~—~ﬂ—
I L02716 47094, 1334.0 .404.5 - 3,323 4,107 35,76 18,96 - 439,9 0,263-_ 418,7 =
h L0754 4BR71. 1h02.6 397.9  3.525 1,511 34,85 19,45 847,1 0.257 - B97,9° 7
oo - . 50 05015 0 50409, 1450.6 392,6 - 3,694 1,985 34,75 19,47 1529,4 0,251 1490,5 i
TR - 67 LU6186 51765, 1522.3 38R.4 3,919 2,432 34,00 19,89 2345,6 0,244 2298,0-- -
7 LG731% 53709, 1680.3 385.1 4,363 2,846 31,96 21,18 3210,6 0,239  3155,5 -- _v‘~
8 ,08487 55156, 1813.1 3B4.6 4.759 3,281 30,42 22,26 4254,8 0.233 4192,9 7=
9 07951 56738, 1808,3 374.5 4,828 3,920 31,38 21,51 6352,6 0.225 6277.2 -

_ o o - i
=Sz Tz .70 LTil- T R LT DT I I TR f e T o PSSR ST TEREE ORINEIETE D ETI O CaTET s T

. TTRUN 48 T T - - T ST T TR EE T R T T SR SRR TS ST F e RER R SR e T - ; :
[ 1 G034 453T7%u,  1205.8 4972 2.544 0,149 36,18 18,80 . 12,0 0,444 7.8 ~ -~
’ 2 J01176 46074, 1313.3 w93.0 2,464 0,508 35,77 19,00 134,2 0,436 119.3 - |
. 3 02041 - 48341; 1384.2 486.2 2.829 0,842 34,92 19,45 388,2 0.428 362.8 - =
p T b L0z834 49753, 1480,7 H86.17 3.045 1,157 33,60 20,22 754,6 0,429 719,44 -
T 5 .03R3&6 59257. *1530.0 #80.7 3,183 1,541 33,50 20,25 1407,6 0.412 1359,9- = .
. 6~ ,G4854 52882, 1614.7 474,09 3,394 1,909 32,73 20,71 2221,7 0,404 2162,2 -
ST 7 05734 S4i46, 1738.9 A72.0° 3.488 2,252 31,31 21,65 3126,4 0,396 3056,4 = -
T TT B L0076k 56264, 1882.1 AGR.6  .017 2,619 29,00 22,67 4271,4 0.388 4190.4 |
i 9 - .08003 58319, 1908.0 460.8° 4,142 " 3,149 30,56 22,10 6503,6 0.377 6403,0 |




A ai Lm,; hlg_ hm/tm (4/)@) Al,ca (n/a; Fn P

RLH 49 T T e .
S 400290 L5748, 1297.4 51;. 5 2'522 0, 142 35, 26 19, 29 12 0 0.483 7.7
709118 46566, 1327.6 510.3  2.602 0,483 35.07. 19,38  131,2 0.476 115.9
201923 47702, 1392.9 506.0- - 2,748 0,794 34.25 19,84 389.8 0.467  344.0
w02711 48333, 1476.9 "S0x.9 2,929 1,087 33,09 20,55 713,6 0.459 - 677,8
—+03686 50428, _1521.6 4Y8.1 3,055 1,463 33,14 20,47 1363,5 0,450 1314,5
104636 52109, 1567.1 4931 3,232 1,828 32,63 20,77 2206,6 0.441 2144,7
2305310 53V90,. 1730.9 48e.7 3,534 2,150 31,08 21,81 3081,2 0,433 3008,6
=8 ° ,06428 55579, 1906.,3 48&.0° 3;923 2,490 29,31 23, 13 4168,6 0,424 40849
92407626 58c¢0. 194102 478.0 4,061 3,000 29,99 0.413  6286,1

m
t
1
1
3
]
i
il
+
|
i
v

1‘;'003b A46n7dh;_1320 3 507 1 z 606 0,180 35,58 19,14 _ 17,4 0,463 12, 2.

T Q13097 48848.7771392,2 - 502.0  2.773° 0,557 735,09 19.38  167,6 0.454  150.6
ﬁ_3h_.521u3 50027, 14931 —498.1 - 2.998. 0,894 33.91 20,05 _ 454,2 0.446  426,2
“6=7,03080 52132, 1543.3 Ag4.4 - 3,223 1,224 32,72 20,78 880,3 0,438  841,5
= B 04106 53400, -1628,1 - 488.8- 3,331 -1,615 32,80 20,69 1606,9 0.428 1554,9
54503, -1683.6- -484.2 3,477 - 1,983 32,37 20,95 2485,4 Q420 2421,2
55cY, :1779.2 _480.5 -3:703 2,328 31.30 21,67 3459.2 0.411 3384.2
57012, - 166, 57 676,877 3,977 2,678 30,07 22,57 4603,4 0.403 4517,6
7. 58380, -1858,3 - 4657 —3 965 3,209 31,42 21,52 -6970,6 -0, 392 6866,5.

€zl N”

T ifgﬁifi;:“i“1 w,.902-.? 46031.<=1367 2. 5&1 3 2,352 0,122 34,33 19,84 ---12,2 0.652
- b EET LT 2 «0058% 48555, "1449.8 577.1° -2,512 0,429 33,49 20,32 -136,1 0.642
~ 01747 - 50174, 154046 . 573.0  2.489 - 0,723 . 32,57 20,89  404.8 0,632
4—~,02a90 51792, 1655.8 - 569.5  ¢.908 1,002 31,28 21,75 803,2 0.622
_"0335?7 53180' 1?(]6:7"503.9 , 3,024 1.332 31.16 21.80 11089|6 0.611
“v04994 54167, -1784.9° 559.2 - 3,192 1,648 30,57 22,20 2350,9 0.600
- +05005 55954, 1696.Q 555.3- 3,414 1,949 29.5¢ 23,00 3337,7 0.590
: : v05846 57410, 1985.4 554¢.4 3,603 2,263- 28,76 23,59 4567,5 0.579
=ws - 9@ ,0!’:9#4"58;60 ©©15.8 ~54%.3  3,53%. 2,731 - 30,41 22,22 T7064,7 o, 56"’

—— e —— ———

44
?
¥




L‘w' X&t ¢t hTPL hu hTPt / hLL (4 /X{t') A-E 3 G_ / Au) Frt Frﬁ,l. Frj :

PUh S 2 - 2 I '..._...,::.:f_z}: S = e SP S tly-=v=- A oy e '5._‘:.. __.;-'i"":l L': :.-:.::: ::E..: _‘;":‘* = “::."__:' ENEe :_:_ e o
== s -1'_'.90304 W6P3h; - 1425.7.-619,5 2,301 - 0,165 32,43 21,06 _ 18 8 0,756 12,0 =7
JEEEERETT 00T 010678 4760E. 1459.3 61%.5 2,379 0,459 32,62 20,90 178,5 0.744 156,20
Lo e 3 017SB 49027, 1542.6°605.7 2,538 0,721 34,78 21,44 459,91 0.733 423, % Sace-d
S 67 o U2456 ° 50585, fu43.6 vos.6 2,713 0,983 30,78- 22,13 883,3 0,723 8335 -7 -
Dexmmec o8, 082786 51650, 1631.5° 5%c.4 - 2,204 1,296 30,90 22,00 1614,5 0.71Q0 1547,5 - .=

- 6 ,04038 53330, 1700.7 595.2° 2,958 1,582 30,29 22,43 2475,9 0,698 2393,4° -
CoET 7 04780 54795, 1875,6 -594.3 3,172 1,856 29,21 23,25 34645 0,688 3367.6 <. - .-
PR B 05523 56305, 2016,6 5877 3,431 2,128 27,92 24,33 4597,1 0.677 46486,2-
FIvesT 9 GUG5BO_ 5T(7%, 1943.9° 5781 3,363 2,580 29,67 22,80 7214,9 0.660 7077;5--= -

{ e e ,.._;‘._.,, -—-ﬁ.-.-.._._rﬁ.. [l A ..7.-...-...*_ - T S BN Ny S S a7 T YA, T o TS m e e e TR T T e TR AT, AT TS - S ST - .: m—TeTa. T -

RL:” 53_ I R J‘ T AR EE LT e 2 ILoe L - F— T = s ¥oemes ST SRR TS S e ATV SR Bt T2 TSR :‘.,

s b 00308 47224, 146, 8_ ¢36.6 2.33% 0,144 31,55 21,65 20,1 0.819% 12,8 '~

= - 2 01063 45027, 1531.6° B35.6  2.497 0,455 31,75 21,47 190,0 0.R06 -166.p < N

] T - 3 ,01738 s002%, T1016.6 622.6 2,567 0,714 30,95 22,02 487,1 0,795 448,46 -
e & L024Ch 51632, 1720.3 62A.1 2,748 0,962 29,90 22.79 913,8 0,784 861,0 --

s T 5 LG2195  S2%2k; 1777.3 G6zp.e  2.866 1,263 29,78 22,84 1649,7 0.779. 1579,2 -~

T 6 403948 56424, 186L.3° 615,6 3,038 1,547 29,13 23,33 2548,4 0,758 24612 - -
= 7 (L6811 55676, 1¢8¢. 0 611.2 3.240 1,823 28,22 24,07 3610|8 0.7647 3507.7.: -

! T "8 L5441 ST370. 2313.2 607.9 3.489 2,101 27,75 25,02 4862,5 0.735 4743.46 -

| T DT 19 T .Cusb3 SECE, 2048, 4 12??.21k 3.430° 2,547 28,76 23,52 7634,4 0,717 7487,2---.-F

i RIH 5S4 T LT o ST e o T s e T e T T TR T T T e B e SRR RS T T ;
- 1 L06136% 50781, 1136.6_ 196,46 5,787 0,596 . 44,69 15.15 20,0 0,044 18,2

2 +04271 5101¢., 1119.4 19¢.2 5.85% 1,721 45,37 14,83 189,77 0.042 184,94 i

- -3 LC7142 S5Y6n%, 1131.5 "18e.3 6,072 2,823 45,61 14,84 534,91 0.03% 525,0 - |

T 4 LC0o%75 52Z82, " 1106%.5 184.9 6,430 3,914 44,79 15,08 1029,1 0.037 1016.8 ]
- 5 ,1°8L9 535206, 1¢18.3 177.1 6,878 5,089 43,94 15,37 1717,7 0.035 ¢702.3 -]
6 L15RB2 S4&5G.  1275.% 172.1 T.412 6,339 43,03 15,69 2623,7 0.032 2605.4 o

- 7 ,1897% S0v2B., 1357.0 164.9 B.128 7,712 41,80 16,14 3777,2 0,030 3756,0° |

T 8 ,22089% 58C7(, 14T8.2 162.0 9,26 9,112 39.36 17,16 4997.,5 0.028 4974.0 i
) 9 L25497 61¢75, 4568.3 155.8 10,065 10.925 38,94 17,31 7001.7__0,025 6975,2 ]

L R, o

] »




h TS e T — - = .‘ = T '_ T I. T LT o :;-—_'—'—_“’__. ol _‘ e .7 -
Ay — T - B [P ey s T T N oo~ - E

stz s 1:-.00541:—a9s3;. 1153.0 - 270.5. . 6,263 . 0,382 - 43,00 15.75 : 17 4 0.098 A$14:9-j;”__

';‘_—_‘ el 2 026%8- 5041%¢ 1174.3 266.3-- 4,409 1,109 42,68 15,86 161 8 0.095 154,0 - -

PRI 3 J04588 51016v-- 121144 262,19 ;_:A.szzr_‘uazs 42,11 16,07  460,8 0.091 48,0 .~
== ST -, 0R507 51508 1250.% 257.8 7 A.B50 2,546 41,52 16,30 923, 5 0.088 905,86 %-—,
Sl el -5 ,08520. 53162, -1268.4- 257.b-— 5.096— 3,335 41,26 16,38 1623,6 0.084_ 1600, 4~—m—¢4

6 10566 - 54594, - 1346,7 248,0- 5,430 4,143 2497,8 =5 -
3551,8:— -

=2 7 412615 5638y - 1465,1 243.5 5.935-  4,959-
9 eA702%: 60322.~—164@ 8 233.0 . 7.081._ 6 863_ 36,76 18,35 6758,1 0,069 6715,0.=--—

=8 (14682 - 58263,- 1578,7 -230.2-.6,599 5,778

.00559 594445 - 1487.9- 312.9- 3, 794’, 0,280 _
02058 51676, © 1P34,17°309.7 3,985 0,884

T 103722 52860, 1274,5 - 208,5 - 4,171 1,505 41,48 16,31 - 449,8 .

L

2

3
4 ,05329 "53686, 1337.4 301.7  4.432 2,103 40,29 16,80  899,9
—s:= 0 - B ,Q7655 54621, 1309.0 296,% 4,611 2,765 40,04 16,89 1597,7
e 6 08797 55476, 1418,2 292,2 - 4,854 3,442 39,47 17,12 2509,2
7 10532 (57264, 14v4,0 - 287,8- 5,19t 4,115 38,33 17,63 35756,
) 8 ,12271 58041, 1506,3 28%.7 5,628 4,786 36,73 18,41 4760,6
TrEsTe 1 90 414283 604, 1641 9 -277,9 5,925 3,696 36,93 18,26 6910,1.

L ] L L] » [ ] -
I PRI G Y
-
o
N
v
LV
vn
-»
(=]
|
1

locoocoooo

#l
¥
1
L
i
H
1

\
'
¢

-2 FU 57 T T IEst L o Than Ay epe oA A AT SEERS o e T TS E o

QG662 50363, -1332,0 369:% - 3.609 . 0,291 37,81 17,99 - 2
,G2050 51535, 1358.3 363.9  3,73% 0,847 37,94 17,90 18
03399 5270C.. 1419.6 350.L  3.946 1,350 37,13 18,28 _ 50

T, 04738 53471, 1409,0 355.9  Ah.292 1,846 36,00 18,86 967
+0u228 55517, 1554.5 35¢.5% @ 4,433 . 2,414 35,71 18,98 1719,2 R
y07722 57157, 1633.3 345,5 ~ 4,728 2,989 34,99 19,36 2691,6 0,181 2647.6- -
,05155 '5879¢. -1748,2 - 349.% . 5,926 3,547 33,63 20,14 3802,4 0.176 3750,9 - -
(10673 5067C, 1914,7  337.¢ 5.482 4,103 31,69 -21.39 5038,1 0,170 4979,7 -
.1?4¢5 62404, 1937.7 330.0 S.R72 4,872 32,29 20,98 7329, 6 0. 163 7260.6 - -

- T et _— [ B S o~ — e m s e

t

ooocom

»
-t o = ) N
oo - N
W O U=

~

)

w

-

o

|
]
I
|
D™ O NN -
L ] L ]
£ 3
-3
[+
W
-
v
14
)
i




X . q¢ h’[?_b_ hl.i hTPb / t)l_l. (4 / Xt—e) A ,{-c GT:/ AT\-‘ ) Fn Fro Frg 4
200659 -51352.. 1276,0 374.c 3 414 0, 300 40 22 16.89 zs.o 0.219 18,7
«02089 52125, 1273,1 368.3 3,456 0,870 40.94 16,56 210,99 0.212 197.7
03405 53264, 1329.3 364.3. 3.649 1,369 40,07 16,92 548.4 0.207 527.4
(04732 54€29, 1409.7 3605 3,940 1,858 38,75 17,50 1037.4 .0.207 1008,8
- v06192 56023, -1471.2 355,40 4,140 . 2,416 38,22 17,72 1813,6 0,195 1776,2
07622 578167 " 1562.4° 351,0 4,452 2,956 37,00 18,30 2745,9 0,189 2700,5
051068 5954¢, 1602.9 ~ 346.2 4,803 3,527 35,81 0.183 3887,7
) i © 010612 6113557 T1772.4 34,6 5,188 4,109 34,49 177 5277.8
T TIEEETTR.012343 21792,8 .. 334,¢ - ) o 170 7688 .5 3
-.oosea 752’62.:"1285 4_-387.2 3,320 0,263 -40.74 16,67 _ 19.3 o 239 15,2 N
101860 53277. 1322.5 387.9 ° 3,454 0,775 40,28 16,85 177,47 0.233 164,.8 XY
Ze03165 56426, 137771 378.7 .-3,637 1,268 39,52 47,17 _-500,8 0,226 479.8 &
T 064967 55792, 1447,877374.67 3,867 T 1,762 38,54 17.61 1002,1 0.220 972.6
B, S EEET5iET, 059347 50844, T 1473,3°_369.0_ C 3,993 . 2,311 38,58 47,56 1790.2 0.2%3 175%.3
5876 . 1529.1° 364.1% 4,199 .2,850 37,98 17,83 2774,3 0.207 2726.6
59588;:. 1421.3 7 35¢.7 4,507 - 3,384 36,75 18,43 3927,6 0.201 3871.%
6128¢. 1733,1 355.1 4,880 3,933 35,36 49,15 5317,5 0.194 5253.3
_ngas_z 21696.9 . 348,0_ 4.876 4,676 36,65 18,42 7768,8 0, 18? ?692 8
 : 50563._ 12«1 6 92 6-- 3.162 0,224 41,04 16,53 14,8 0.248 11.2
01686 51767, 1278.3 388.7 - .3.289 ° 0,712 40,50 16,75 155,8 0.242 143.8
= 102954 53552.  1360.4 -384.4 ---3,539 _ 1,197 39,36 17,22 . 467,2 0.236 446,5
104217 54891, 1436.7. 3Be.4  3.777 - 1,667 38,21 17,75 -936,6 0.230 907,5

56229,
575¢38
58%¢7
60246
61495

—==15-,05591

-6 (06945
=722 408313
-8-- ,0%688
9- 411316

- 1487.0 _378.4 -
1358,7 370.8

1642,3
17464,7 362.3

1727.3 355.4

.3.961-

4,203

366.5 -- 4,482
4,%16

3,221
3,739

4, 864— 4,454

24197
2,703

0.210Q

0,217 2546.2

3651,4

0.206 4914,4

0.197

7263,7




. hm i hm/lnu @/X& o ('II/ATJz Fri P Fri

“IRUN- 69 - T e A A B 3 -
T T 1;-.005?7 510??. 1302.0 41?.4 3 15? o 265 39 23 ’1?.33 22 ? 0 2?9 17,9
P AT T 2 -,01828 52375, 1336,0 407,91 3,28 0,764 39,20 17,31 201,4 0,271 186.9.
crrerTr 3 031390 53365, 1343.6 0 401,4 30348 1,273 39074 17,06 604,0 0.266 579.0
PTTEEE ST 4 104360 56693, 1404,7 397,00 3,538 1,735 38,94 17,39 1161,8 0,257 1127,5
| o=meEr o8 405665 56083, 1452.9 391.9- 3,707 2,238 38,60 17,52 2005,6 0,250 1961,1
it “*'”6‘ 06977 57037, 1540.7 387.C 3,981 2,747 37,60 17,97 3089,1 0,243 3034,5
s e o P, 08197 59791, - 1695.4  383.7  4.443 - 3,190 35,27 19,18 4122,8 0,237 4060,5
~ee - SR 8 -.09533 61645, 1830.¢ 370.3  .826 3,701 33,68 20,09 5550,0 0.230 5478,8
e 1U15- 63267, 1838,3° 372.u 4, 042_ 40400 36,42 19,60 B8154.4 0.222 8067.6

—T T LTI e m e e T = P T L g - —_ —_ P, e e ST IS T T - — S —_

.00396 21069, ‘1338 3 - 45 _,_z 954 0 189 - 38,83 17 50 15,0 0.353 --10 8

504437 - 52807, ~ 13804 549 2 3,073 0,610 38,25 17,76 157.2 0.346 142,38 o
=y 02509 539?0._-1439 2 k45,0 73,234 1,019 37,50 18,11 ~-462,8 0.338 438,2 ™

‘“*035?2 55979, "1515.,9 4&4q.3 3,438 1:413 36,40 18,66 -~ 918,86 0,331 884,90

"+ 04785 56296,:-1337.4 ~435,¢6 _ -3,530 1,877 36,62 18,52 16%99,2 0,322 1652,7

~+05981 5/¢92, 293,2 430.3 3.702 2,335 36,21 18,71 2710,9 0,314 2652,9

e 07141 59088, - 1679,9 426.0 3.944 2,773 35,97 49,25 3865,3 0.306 3796.8

W08273 60483, 1801,3 422.3 4,265 5,188 33,58 20,18 5089,5 0.299 5011,8

05683 62112 130? S 41,8 4,358 3 798 -34.36 1966 ?539 1 0 289 ?446 0

L fr

— —— — DR I o SR = — =

= e CR o+ [ G S e *---:'L_ — - - TAIT

“17700457 49546, - 1275,2 503.5 2.533 0,212 38,85 17,54  23.2 0.456  17.2
SR Ul01438 (50040, 1298,3 497.3 20411 0,626 39123 17,33 21017 .44 199.8
102391 53033, 1413,2 493,7 2,863 0,967 37,53 18,12 524,86 0.436 494.8
+03342 55359, 1549.5 489.7 3,144 1,320 35,73 19,03 1010,8 0.428 99,4
04457 57685, 1642.6 4835 3,397 1,747 35,12 19,32 1861,4 0.417 1806.0
05456 59546, 1761,9 479.1 3,678 2,134 33,80 20,07 2834,5 0.408 2766.9
06561 61872, 1934.3 474,664,076 2,531 31,99 21,21 4039,1 0.399 3959.2
07619 62244, 1977.2  47n.6 4,202 2,921 31,48 21,55 5392,5 0.3%0 5301.1
102970 66571, 2201.9 462,z 4,764 3,499 30,23 22,36 8128,1 0.378 8017.4

DO~V P

——— - - - -




47637,
L9741,
32023
54076
36130,
58“1 l "
G60¢3

51091-

|01467 52821,
54824,
103438 56704, -
104652 58851,
05776 60767,
106894 62637,

108058 64600,
9'3 .094“5 6665?.""'2&30 1‘

48480.
5021 ,"
51534,
52¢53,
56414,
56149
57747
59\344'
61390

IR

ol

¢ hTPL

1138.,2
1222.5
1342.4
1458.3
1332.0
1659,4
176641
1935.8
1933.5

1263,7

1323, 5
1430.6
1337.4
1618.2
1728.4
- 186444
2015.3 -

545.4
511.6

507.9
504.2

498,2

493.5

489 ,2
485.3
4746.8

486 .1

481.,0
476.8
472.7
h66.8
461.9
- 457, 6
- 452

444 3

2 208
2,499
2.643
£.892
3,275
3.362

-3.%19

3.939
h,05%

599

2,752
3.000
3,252
3,467
3.742
h.,075
4,450
4 569“

13?5 5
1433.3
1495,8
1580.9
1649.8
1744,

1358.6
2q05.7
24004.,3

333, 8
334.2
530.¢
525.1
2205
216.2
512.4
20%.4

hrpc/hu (4/)(&) Alu ﬁl/bff)L Fh,

0, 146 41 90 12 8 0.486

139,2 0.478

1593,8 0.451
2529,8 0.441
2,320 33,938

l|| it

19 2 0, 416

183 9 0.407
-0, 992 33, 39 503.,2 0 399
1 810 36 37
2,230 35,16
= 24643 33,60
3,078 32,06

2818 8 9. -372
3998,2 0.363
21, 18 5463,1
3 698 32 83 20 60 8291 ?

54,4 . 2, 52? . 0 1?4

- 2.660
2,300
2.931
5.127
3.352
3.601
3.914
3.941




E Xui AU

hTPb

hy

- R N '6?_ TR AL T At S s e ‘r:. —:" - ::"‘“:'—_— ——— —— —':—T:_-"—“."—“'_ ‘.."_-—‘ .:-—‘__—-f:—“- -= *‘iﬁ—‘_' ‘_:'——;"i el sl
frmzioEaios oo 00449 531435 -1436,0 53375=  2,692--0,207 37,01 18,44 -
T T T2 40146 542947 1459,07 52772 72,752 < 0,611 37,42 18,20
CUEEL T30 02348 55444, 152172 - 523357 2,906 0,944 - 36,45 18,68 - .
L e &4 ,03207 56824, 1605.1° 51074 3,009 - 1.282 35,40 19,23 °
ST S 404335 58205,71635.4 513.4_ 3.18% _ 1,688 - 35,59 19,10
o " 6 05335 595857 1707.5 508-2 3.360 2,062 - 34.90 19I&6
- ETITC ol 7 06331 01195, . 1813.8- 503.7 3,60 2,432 -33,74 20.12
R 8 073127 63036, “1972:0 499.8 3,946 2,789 31,97 21,25
.9 08598 . 65106 1938, 6 4930, _ 4,050 3 339 32 74 20,67
RUN -68_ ERRS S = :-_—: e L R T IO =X ".;_ R SEITEET T L TE Tl TR E S s S T e I T T T T T e
o o- 1 00498 50953, 1290.0 552 2 2,336 0,230 39,50 17,22 35,2 0.576 26,8 -;
i 2 01394 53972, q37?.1 546.9 2,518 0,593 38,61 47,60 240,8 0.56% 218,90 -
- 3 ,02076 54020, 1537,9 546.0 2.817 0,843 35.72 19,06 491.5 0.558  459,0: - -
” Tk T ,030610 56407, 1600.5 S40.7 2,960 1,195 35,25 19,30 1037,1 0.547 9%0,0 - --
LT 5 404048 58027, 1638.0 534.0 3.068 1,595 35,43 19,16 1953,4 0.535 1889,3--
- 6 (4942 5%045, 1755.2 S53p.9  3.31¢ 1,924 33,98 19,983 2882,3 0.525 2805.0 -
7 L5898 61079, 1848.5 525.5 3.517 2,281 33,04 20,54 4120,6 0.514 402%,1-=—
8 ,06R32 62512, 1973.3 521.6 3,783 2,623 31,68 21,43 5476,5 0,504 5372,0 =
-9 ,08051 63853, 1932,9 512.8 3,769 3,144 33,04 20,47 8300,9 0.450 31?3.8ﬂ*5
RU” 69 - - - __. =Tl el T L - - i LT - == - E e ’:—1 -*_ -—
LT 1 00342 49004, 1344,0 6261 2,147 0,161 37,13 18,39 23,3 0.776 15, 6
. 2 01174 51649, 1387.8 649,44 2,240 0,498 37,21 18,32  217,9 0.762 192,9
R "3 ,01862 - 53466, 1502.0 616.2 2,437 0,758 35,60 19,15 S521,7 0.752 482,8 - -
- b L02562 5529¢, 1632,1 613.v  2.662 1,016 133,88 20,13 959,9 0.74% %07.3 ° -
o .5 403483 57124, 1677.8. 005,383 - 2,770 1, "368 34,05 19,93 1847,9 0.726 A775.4—=-
- 6 04338 59044, 1774.6 6G0.2 2.957 1,692 33,27 20,42 2924,0 0.7%3 2833,4
- T 7 (5108 60871, 13°9.1 505,60 3,189 2,000 32.05 21,19 64166,7 0.701 4059.3
= © 8 7,059u7 T 62791, 2055.6 5%4.3 3,477 2,308 30,55 22,23 5610,4 0.688 5486,8 -
- .9 L0?134 65350, 2090.3 581.2 - 3.597 " "2, 796 31.26 21,63 8777,9 0.670 8625,2 -

hm/‘ﬂu. O/X&).. ATn (n/m

FFQ |

i

S R ey by, g A —— 4



X’al'j ql hTP"-__“__ hl-f- . hTPl/]"Lt. (4/th:) A I-Ft (EMTf)L T FTLE—:—:-:-;EF"E

-51245-=52'33 S 1Ta3.9° 222 1 5,150 ﬁ0.544 45, 5? 14.87 - 22,0 0.060 . 19.8_::%.
,G4001 53493, 1°38.4 215.7 5,277 1,628 46,99 14,37 ~ 230,5 0,057 223,4° !
-3 406621 55533, 1213.7 210.8 5.758 2,636 45,75 14,75 _ 633,4 0.054. 621.8: s
TTIO0159 57573, 1346.0- 206.9 6,506 3,576 42,77 15,80 T1146,3 0,051 TELR Tame
11987 --59387. _ 1h15-6,F201.a- 7.029 4,716 41,96 16,10 .2007,6 0,048 1988,¢ et
14875 €1200. 1496,6° 1954 7,649 5,925 40.89 16.50 3136.3 0.044 3192,7° 2=
17814 63013, -1507.1---190-4  8.388. 7,197 -39,46 17,10 4502,3 0,041 4475, ofai;é;
J20762 64600, 1725,8 18852 - 9,397 8,482 37,43- 18,05 5945,3 0,039 S

]
023954 65%00e: 1757,0- 178. 1. - 9,834 10 125 37 54 17,96 - 829? 2..0.033

gkzzu; 1 01163 54696. _1haa 4 250.4 6,987 0,508 43, 81- 15,48 _ 25,4 -0.081- 22, s
So TR 20 03574 560635 1209.8° 244.5 5,193 4,444 44,15 15,33 - 233,7 0,077 225,33
EE_on... 3 (05870, 57434, 1341.2__3&0.0 5.589 2,303 42,82 15,81 616,6 0.073  603,2 -~
SRR 4 ,08222° 588087 1446.7 235.5 6,02¢ 3,185 41,51 16,31 1193.,2 0.070 975,90 = - 4
Lo -5 10747 _60410.. 1469.0 229.5 _ 6,400 4,190 41,12 16,44 2102,6- 0,066 2077,2...:
ST T 6 13249 61783, 1543,9  224.4 6,884 5,188 40,02 16,90 3187,8 0.062 3159,7- -
L 7 .1581% 63385, 1o28.4 218.9 7,439 6,268 38,92 17,36 4580,7 0,058 4548,0 = -

- 8 ,18392 64758, 1732.4 21,7 8,105 - 7,357 37.38 18,09 6093,6 0O, 055 6057.1-°° -

9 ,21183 6626b. 1709.8 207.2 8,543 8,726 37.44 18,03 B8494,2 0.051 8452,6 -

-— Foe—— s T ———— — - ._‘m:.-_ R =l — —_ ;.._:.- ‘__.,_' it a7ty sl e = — - —

m e A mmen A e e - - —_ . -t - - P [

FUH ?2 —_ T - —_ T S~ s RS S o = "'..-k ,....'; T A CRpiur-, S e R A gl

. 1 .00?28 54 704 - 1225 3 sxa.v 3,659 n 332 44,29 15,31 - 21.9 0.167 18,2 —--

) 2 ,02363 55282, 1251.1 320.9 3,793 0,978 44,19 15,33 208,4 0.161 197.0 - - -

P 3 ,0396% 56570, 1307.9 325,64 4,019 1,585 43,25 15,66 577,2 0.156 558,4 .- o=
soelt o 4 05607 57949, 1273.3 320.9 4,280 2,198 42,20 16,05 1143,3 0,151 1117.,2

S - -5 07402 59559, 1415.3 315,0 4,493 2,902 42,08 16,07 2071,1. 0,145 2036,6 -2

o -6 09104 69399, 1468.6 309.9 4,836 3,592 40,97 16,47 3213,6 0,140 3179,3° -~

R 7 ,10938 63409, 1508.4 305.0 5.208 . 4,289 39,67 -17,03 - 4571,6 -0.134 4522,2 v

" 8 ,1265% 647iu. 1717.7 300.6 5,714 4,968 37,67 17,95 6018,0 0.129 5962.4 - - -
b - 9 ,14723 660688, 1771.3 293.3 6,029 ° 5,883 37,65 17,92 A4598,3 0,123 8533.¢4-




Lo

e

4

R T “m/ "u (W&)L A’Tﬂ (TL/E!' ) Fr; Fri  Fry
nvn 73 LR AR A T s S ST e e R i e e e i b S O
. "_1 .00o11 56683%; 1429.3 42408 - 3.36% 0,277 39,87 17.08 S 25,9 0.297-. 20,6 -
i 2 ,01%02 57702, 1426.7 #18.3 3.410 0,809 40,44 16,80 238,49 0,289 -221,8 -~
= _ .3 _ 003339 3889% ., 1447 .3 "012.5 3.511. 19536 490,69 16.6? 699.2 0.280 5?105 U
T & 04608 60335, 1530.2° 408.0 3,750 1,805 39,43 17,21 1313,1 0,273 1275,5 7
eoo- T 5 ,06642 62011, 1579.0 4¢1,8 3,929 2,360 39,27 47,24 2343,5 0,265 2293.9 - .
P 6 107447 63C87. 1655.7 3%6.6- 6,177 2,903 38,47 17,59 3622,1 0.257 3561.4. ,
e 7 ,08712. 65363+ 1820.8 393.3  4,630- 3,350 35,90 18,88 4A734,7 0,250 4666,1 - -
8 ,100%1 67231, 1082.2 380.0 5,096 3,862 33,02 20,00 6241,8 0,243 6164,2 - -
ol ?(‘-11769 69194 2004.8 380.9. 5.263. 4,602 34,51 19,59 9209,5 0,233 9117,
RUN 7[.‘ - - modenE - EEERSATT. e wv‘-i‘nﬁt'-*—“—“»—’—':--*'—-—-:mﬁn-——-- R s TR ST T I ST e
- 1 .00505 54419 T 1B60.5 449,46 2.872 . 0,236 42,17 16,14 —_ 21,5 0.346 16,4 = —
‘ " 2 01692 56046, 1545.2° 84429 3,029 0,705 41,66 16,32 205,6 0.335 189.4 - OO
.". - k] |02952 57892, 1":00-8 43P .2 3.197 1;189 49.33 16'42 - 62938 _0.326 _601]4{'._'_""
T 4 64993 59560, 14C4.2 4Tan 3,442 1,619 39,86° 17,03 1202,7 0.319 1163,9 - -
. -5 05319 61366,.c 159925 4208 _ 3.722_ 2,064 38,36 17.69 1994,9 - 0,311 1945.4 ==
6 06628 63033: 15675,5 424,3 3,949 2,560 37,62 18,02 3149,0 0.302 3087.,77 -~ -
Coem o o 07960 64839, 177439 419,577 A.23% 3.064' 36,53 18,55 4577.8 0.29% 4506:8— -
) T8 (%251 6669R. 1006.2° 414.3 TA.601 3,561 34,99 19,37 6199,3 0.285 6115,5
T .97 7,10811° 884055 10132? 406,27 © 4,711 t. 243 35, 7& 18,90;_:9171 0 _0.275‘ 9070,9: -
RL!}, "5 B = - T e T S e T - == S N PR =
1 .01034 52083, 1.20.9 244L.0° 4,402 - 0,476 46,22 14,68 0,9 0.076 18,4 -1
2 03422 53816, 1772.0 236.0  6.892 1,381 45,52 14,75 198,8 0.073 191,3 ~ !
; "2 05738 5554F., 1243.3 234.B 5,294 21251 44.68 15.15  553,7 0.069  541.4 i
’ L 08136 57237, 1392.6 220.% 5.710 3,162 43,61 15,52 1117,8 0,066 1100,8 !
, . .5 410609 58070, 1367.3 224,27  6.098 4,174 43,13 15,67 1983,8 o0.062 196%.7 . ¢
SR 13167 60749, T3 6 20,5 6.67% 5,167 41,51 16,28 2996,7 0,059 2970.% 7 -
7 15742 62482, 1563.8 214.2 7.302- 6,228 39,06 16,92 4256,2 0.055 4225.6 - -
8 ,18355 64215. 168%.1 20%.1 8,078 7,324 38,02 17,80 5671.,2 0.052 5636,9.
; - 9 421213 65902, -1733.6 202.5 B.562 - 8,724- 38,02 - 17,76 -7982,7. 0.048 79434

-




e L ] _Xu ‘1_5." hTPL het hTPi/hu, 1/ Xee) AT& th/A—)t. F" L Frx_l. 'E"'gi - !
RUK: 7G5 s v == Fei Emens -.—_—_———_.—_—_—_:—_:.t:—.__—c;__—:._::u A *:'":._u -, ___Z"‘—‘-——" v —”:‘: - ETERERLTT .
EE- __::-:__ 1- |013¢!2 541“5‘” 1. '12'2""21° 4 5 531 - 0 571 4".68 15018 N 23.3 '2,-0 s o=
o mr -T2 4040605 54857, 121" 67721%.6 5,672 1,625 45,28 14,95 214,0 207,37 <
s - - 3 -, 06800 56240,  1456.7--208.6 - 6.030 - 2.664 44,75 15.11 604,3 593.,2 .-—
=TT - & ,GNSYYL 57623, 1303.8 203,41 6,420 3,751 44,20 15,29 1222, 1206,8—~
e oz 500 (12471259098, 1352.0- 197,85 6,845 4,923 43,74 2096,9 .. =
- 6 15353 “604B1. 1497.6° 192.3 7.373 6,122 ' :
f:_;' ‘—; - ? !1828? 62{'03|_ _‘_150103 18?.[)_ 8.030 ?|389 i
- 8 21224 63616, 1028.7 182,0 8,949  8,606% .
:_;;*fi;__.;P__.244a8, 65;68— 168;.5- 175 5 5 60310, 31“, 7 8126,8 -— _
RUN: R7 = T = : ey L EELE SR Fim e el L =
-t Y (01843 5414 - 1767.3  164.0 - 7,117 0, 783 .

- 2 05664 5455? 1'58.1 158.4 7,310 2,255 211,67+ =~
ceTozocn 30 004264 55199, L1483.1 1538 T.716. 3.701 ) 0.024  587,2 ==
=eELNT 4 432287756200, 1226.1 14B.2 C 8,275 5 220 "0,022 1157,4

e o 50 17176 57356,  1257.2 142/% 8,824 6,931 45,62 14,79 2019,2 0.020 20064 - .
SRR T g 24449 SBBP0. 1324.6 137.0 9.671 8, 742" 44,464 15,13 3064,5 0.018- 3049,5°— -

e 7 ,25238 60568, 1403.5 131.8 10,696 10,763 43,16 15,63 4377,8 0,016 4360,9-—

-7 - 8 420377 62633, 1:40.6 125.6 12.263 12,894 40,65 16,61 5746,5 0,015 5728,25 =

o -9 ,338?4 oszaa ) 2.6_ 119.0 13 893 15 665 39,48 17,08 7916,8 0,013 7896,6----

e - Sem e m cme - == = . pr e T _— e M el - R = - " - el e mme e e ol T - - . ‘.n é

RI N ?8 RS = o Tz llzgz =TI IR Tl See e Sl - T TR R T ST TRee o ¥ Fem TSR efm e o Ure TeEe R TE i
. 1. 0142 seazu. _1681.3 194,06 . 5,695 0,644 47,94 14,11 22,4 0.042 20,5- |
2 04627 53v449, i922.1 186.0 6,032 1,871 48,07 14,04 217,3 0,039 211,5 - -
3 ,077L0 -55422.. 1706.0 180.8 6,450 3.097 4?.53 14,18  623,2 0.037 613,7 - 1
4 10949 56007, 1232.0 175.8 7,009 4,368 46,26 14,57 1229,2 0.034 1216,3 - . -]
5 414263 58202, - 1248.2 170.3 7.62% 5,735 45,30 14,87 2122,5 0,032 2106,2- - |
6 17664 60654, {373.6 164.7F B,339 7,236 44,46 15,25 3300,0 0,029 3280,4 |
7 29151 6h24%@, 1u54,2 150.¢ 9,145 8,866 42,92 45,68 A4767,1 0,027 47445 -
8 LR460LD 63805, 1575.6 15%.6 10,240 10,466 40,55 16,62 6162,9 0.024 6138,4
9 128333 65470, 1629.3 147.e 11.054 12,546 40,18 16,75 B473,9 0,022 B8446,6 ;




L w"-b___xs.é 9 brei
g _”_:“_;;.li;_,i_:*-f?é‘z?;z? { el

401459
03617

T 306034
. - 08440
EEEeL 8 s

213536
Y6138
16738
';2165

ﬁaozs 1!
64470 “1u62

w
FJ

66312, -{11Zgﬁi:_

4.895
5.082
- 5.3186 -
228.% 5.769
6,180

- 0.508

1,467
2,392
3,317
4,327

45.15

45,65

45,94

44,07
43,31
42,28
41,06, 16,43
38,78

38,61

15-01 TG

_ 15,59

lnm/ lm @/ th:)c Alft GI/A—@L Frt .

2‘ 1
229 1
643.1

1256,2
_2158,2
15,96 3302,8

14,84
1‘"97"
15,33

17.62
174467

0.0?6:-

F}lL .

0.072
0.068
0.065

0.061 _
4654 9z

F}g{

2154 2y
221.%
629,9 .-
1238.2 )
2135.32?i“
3275,2-

6096, 4—==-"
855 1=

!
e T e T e e e T e e s S T S

RUN 30* T
a;;;--f"www 401583

T 2 204874
o - .3 L0812
T k411424
G "57 4 1483¢
- T T 6 627y
C T 77 21812
v T8 ,25355
) 9 Lau130
RL'N 81 T
| - - 1 09202
. 2 03757
\ R — 300270
[ LE 4 08842
S 2. =y 11450
T 6 414110
S 7 +1uB1b
- 8 11956‘
= 9 42254

“S4649,

T a610L,

1236, 4.
TT1R21.8
1257.Q
1221.2

55.'\0
STORS,

o 52080, 1375, 4

GOLRT, 1445.3
61035, 152131~

63336,
b&??h.

16314
1683, 4

S686¢,. 17288,0
58408, 174¢.,
59850, _ 1.
61384, 1487,
62593, 4F
63042, -thot.2

0570%, 17(8.9 -

'1 l&ﬂ.‘t

18
178.2
173.0
167.%
1¢2.0
156.3-

150.¢

10,808
M, 559

£30.5 5.338%
5 - 5,716
6.106
6.508
7.092
7,629
8,32%
8,843

10,651

12,772

46,27

45,11
44,70
43.66
42,96

41,85

40,72

15,31-7-°23,1"
215,57

1195.1
2043,5

4424,5

5809,0
7985,5

603,7

3103,7

0.040
0.037
0.035

0.032
0,030
0.028
0.025

2027.9 - = -
3085,2
&403 &

0. 023
0 021

5?85.9 -
?959 8 .- .

53644, - 17094 236.5 - s 117 SZ3 44,60 15,21 23,4 0.070 20,9 .. |
55338, 1: 5 15
[

2136,9 oot

) 318?-‘-1

4498,2 -
5959,6

 8355,9-




e ST L T e = " .,._ P

!
}

1

| K

|

1

|

1

i

v

.01034 43f65._ 1670.9 217 3 4 929 o.A?o 45,72 16,76 ) 16 3 o.osa, 1a 4-_;;'
033797 49004;  1706.0 293.3 5.186 1,586 44,85 15,06 157,2 0.055 159,45 -

V05791 50455: 17141.0 200.0  5.459 2,308 44,22 15,27 A57,3 0.052 44T.6=— - -
08239 5152C, 1540.67 204.F 5,816 3,243 43,27 15,61 916,4 0.050 V03,0 - -
(10796 52712, 1233.1- 195.5 . 6,168 4,260 42,75 15,79 1594,2 0.047. 1577,0%:: _

13374 54075, 1296,
10008 55565, 1375,9. .190.% .7.22%
18668 S7055, 1479,0 18é6.¢ 7,952 7,534 38,58 17,51 4627,5 0,039 460077 .

~6'408 &0.38 16'?1 - 3485 3 0-042 3‘61‘3-7::’“

CONDUNIN LN -2

L ®= 21598 58545.4*1505 5. t7e.¢.= 8.369_;;9,002 38,89 - 17,33 6564,2= 0,036 6533,5===;

-1 _.01052 47568, - 924, 5 199.¢  4.632 _“o 490- 51,45 13.06 = 15,5 _ 0,047 -13,.8== -

2 ,03377 48522. T 569,7 19m.§ 5,078 1,402 48,54 43,89~ 135,7 0.045 - 130.,7°.

3 05869 49517, . 105839 ~193.3 5,477 2,344 46,76 RINYS 389,8 0.043 381,67 -

4" 08540 50595, 1901.8 188.¢ 5,832 3,365 45,02 14,70 817,17 0.041 B805,7° s

5 211309 51840, 1161.5 134,01 6,201 _ 4,474 45,47 14,86 1454.9 0,038 1440;0- - -}

6 14112 53233, 1202.9 179.4 6,706 5,629 44,34 15,21 2272.3 0.036 2254,3 ‘
. 7 416578 55033, 1204,6 17¢.6  7.357 6,846 42,84 15,75 326%,0 0.033 3248,1 -

8 178 56816, 14GL.1° 170,49  B,252 8,071 40,46 16,6% 4312,6 0,031 4287.4 -

9 42305C 58475, 1442,5 1644 8,790 9.699 40,54 16,63 61344 0,029 6107,8 -

T 01553 52788, 1161 6 13?.1 6.207 .0,661 65,42 14,93 21,5 0,039 19.7 -

2 ,0D4780 53235, 1150.5 184.€¢  €.,334 1,895 46,27 14,63  200,5 0,036 195,19

3 ,07965 54197, 1180.3 17é.¢ 6,685 3,105 45,92 14,73 559.0 0.0364 550,3 -

4 11151 55252, 1229.4 1?47 7,160 4,334 44,64 15,05 1085,7 0,032 1074,0 -
5 14409 56835, 1289.3 166, 7,749 - 5,692 44,08 15,34 1852,6 0,029 1837,8 -

6 ,178%8 58¢09, 13¢9.3 164.¢ 8,505 - 7,144 42,80 15,79 2835,1 0,027 2817,6

7 ,21333 60672, 1480.5 \15%.¢ 9,516 8,707 40,98 16,50 4021,7 0,025 4001.7

8 ,248¢D 62500, 1418,% 1sn,% 1G,775 10,351 38,66 17,51 5312,1 0.023 5290,2

9 ,286%4 6674%, 170G.1 14Z,6 11,835 12,475 38,09 17,74 7399,5 0,020 73749

J

195.3 6,642 5,306 41,69 16,18 2445,9 .04k 2425.1 -7




e

n _..Hm,k-_w_,-.‘_t..*_.hx“_ i : . h'fp_f. L he hTPL/hLL (/Jét AT{:. (T;/AT) FY'L . ’_"_m___ Er_‘g_t.wﬂ*
T RN 88 ;QaTMZ_n_r;imwi;-;i;f:;;iiﬁzi;:_:::%;:?il::;_-:*:52;;:;E:ﬁ::}:mmi?_ﬁ{_;
TEEe e 401655 525557 113574 176325 6,445 0,705 46,29 14,63 21,5 0,034° - 19852

(05104 53766, 4959,6 170.7 ~ 6,792 2,085 46,37 44,59 20,3 0.031 196,3 7~ 7
208571 - 54977...-1798547 168,85 7.261 3,354 45,87_ 14,73 57241: - 0.027 264,0-=r1
,1208% 56285, “1749:8° 160,33 T7.797 4,744 45,03 15,00 1142,0 0,027 130,99
STEAY:  1¢S7.7 15L.8 ~ 8,383 6,267 44,42 15,20 1961.,6 0.025 1947.7.-=7==7
V16369 59094, 1369.1 146.4 9,162 7,870 43,16 15,64 2969,6 0,023 2953,3 "~

: o
OOV W
, +

-~

-t

w

q

=

—

o 123106 80540, 1650.4 143.9 10,077 9,607 41,74 16,18° 4185,2 0,021 4166, el
T ,26911 62485, 1562.6 136.6 11.631 11,466 39,48 17,12 5531,0 0,019 5510.8 " &
T TTIINIL 97 30954 64423, 1649.5 13,8 12, 515__1}.8?9 _39,06 17,28 7672,0 0,017 .7649,5= .




136

5. Dascussion

5.1. Basis for the correlation of the heat transfer coefficients

The object of this work is to investigate the effect of gravita-
tional forces on heat transfer rates in natural circulation, wvertical
tube evaporators. Local heat transfer data in the two-phase convective
region of this work are hsed to cbtain a correlation of the heat trans-

fer coefficients.

It 1s convenient to start by considering the variables involved °
in the process of évaporation in thermosiphon reboilers. The independ-
ent variables are the submergence S and the overall temperature
difference ATov' The film temperature difference ATf is often used
instead of ATOV. However, ATf is not a truly independent variable in
this type of system. ATf and the heat flux gq ére closely related as
shown in Figure 5.l1. where curves of length-mean heat flux versus

length-mean ATf are shown. The interdependence between these quantities

can be expressed as:

f(&,_ L\Ef, s) = O (5.1)

The submergence determines the hydrostatic head available to
sustain a flow. The mass flow rate, W will depend on the submergence,
on the quality of the two-phase mixture and on the physical properties

of both phases.

W =g (S5, %, physical properties) (5.2)
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As submergence is not often used as an independent variable in
heat transfer correlations, it is convenient to eliminate it by com-

bining the relationships 5.1 and 5.2 to give:
F (q, A-'r'f, W, x, physical properties) = O (5.3)

Alternatively, the following dependenc es can be written:

0
o

F (g, AEE, WL’ ¥, physical properties) {5.4)

and

[
o]

F (&, AEE, Wé, %, physical properties)

N

(5.5)

These dependences are valid for the local and the length-mean
heat transfer data. It is reasonable to assume that the two-phase
heat transfer coefficients will depend on the quantities contained in

equations 5.3 to 5.5.

Many authors correlate local heat transfer coefficients in the

convective region by equations of the form:
Prp A(l n (5.6)
by X

The use of equations of this type has been justified, among
others, by Collier (Cl) who suggested that 1/xtt is a natural parameter

for an annular type of flow,.

The Lockhart-Martinelli parameter was defined for horizontal

annular flow in reference L2:
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- B/,

L

where (AP/AL)L and (AP/AL)g are respectively the pressure drops for
the liquid phase and for the gas phase assuming each phase to flow

alone in the channel. When both phases flow turbulently, this parameter

becomes:
- 0.9 o 0.5 " 0.1
5 = (_L) (_g) (_I_-) (5.8)
tt W '
g P, Ky
or it could be written as:
_ (1-x 0.9 82.0-5 My 0.1
e = % P T (5.9)
L p'g

The liguid phase heat transfer coefficient hL was introduced to
account for the effect of the mass flow rate on the two-phase heat

transfer coefficient hTP in boiling systems.

Correlations of this type have been applied to both forced and
natural circulation heat transfer data, and they have not been entirely
successful, as the constants reported by several investigatorsjare
guite different. It can be thought that the reason for this is that
l/xtt alone is not a sufficient parameter. The Lockhart-Martinelli
parameter was originally defined for the horizontal two-phase flow of
two~component mixtures without heat transfer. Therefore, it does not

account for the influence of gravity on flow patterns and heat transfer

in vertical flow, nor does it account for the effect of nucleation.

Davis (D2) showed that a better corxrelation of pressure drop data

in vertical flow can be obtained if the parameter xtt used in the
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Lockhart-Martinelli pressure drop correlation i1s modified by including
a4 Froude number based on the average velocity of the two-phase mixture.
.Chawla (C7) emphasized that the influence of gravity should be
accounted for in correlations of heat transfer coefficients and pro-
posed one in terms of a Froude number bhased on the liquid superficaal

vaelocity.

In annular flow most of the heat is transferred to the two-phase
mixture through the liguid film. The influence of gravity in annular
flow is also exerted mainly on the liquid £ilm. This force opposes
the movement of liquid in vertical ascending flow and tends to thicken
the film. The vapour core, moving faster than the liquid, tends to
drag i1t upwards, preducing a thinning of the film. Therefore the
interaction of inertia and gravity forces will affect the thickness

of the film, on which the thermal resistance of the liquid depends.

The Froude number is often used as a similarity parameter in
liquid flows with a free surface whose shape and surface behaviocur are
affected by the interaction of gravity and inertia forces. It seems
reasonable to think of the Froude number as a factor describing the
combined effects of those forces on the flow and heat transfer
mechanisms in annular flow. Froude number is sagnificant as it
accounts for the effect of the velocity of the mixture on the thickness

of the liquid film.

When equations of the type of 5.6 are used, 1t is implicitly

assumed that nucleation is completely suppressed. This assumption is

.
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not entirely justified in most of the data from evaporators, especially
those of the natural circulation type. Guerrieri and Talty (Gl) found
that the convective and nucleate mechanisms coexisted along most of
the length of their test sections and accordingly, they used only the
heat transfer coefficients from the top of their test sections to
cbtain & correlation for the convective region. The success of Chen's
correlation (C5) is due to the fact that the interaction of both

mechanisms is taken into account cover the entire quality range.

Curves of local hTP/hL versus llxtt for four typical runs of this
work are shown in Fig. 5.2. This shape of the curves is the same as
reported by many authors (Cl, Bl, Sl, Pl, C6). At low values of 1/xtt'
hTP/hL is indgpendent of it, indicating that the main mechanism of
heat transfer is nucleate boiling. When the convective mechanism
becomes significant, hTP/hL increases with l/xtt' Attempts by some
authors (S1, Pl) to correlate heat transfer coefficients by adding in
one correlation the nucleate bhoiling contribution (dependent on the
boiling number) and the convective one (dependent on 1/xtt) have
proved unsuccessful. From the work of Chen (C5) it becomes apparent
that a betger correlation can be ohtained if both mechanisms are con-
sidered to affect each other. From the results of that work it
becomes clear that the value of heat transfer coefficient in any case
will depend on the degree to which nucleation is suppressed by the
effect of velocities, and the convective mechanism is enhanced by

these velocities.

The present work is mostly concerned with heat transfer in the

region where nucleation is not the dominant heat transfer mechanism.
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Accordingly, attempts will be made to modify equations of the type of
the
5.6 by including/\Froude number believing that it describes the effects
b i ae o - ot
of velocities and gravity on the liquid film, and -consequently on_the rates ',

of heat transfer in a convection-dominated regime.

Three different forms of the Froude number (based on the homogeneous
velocity of the two-phase mixture, on the superficial liquid velocity
and on the superficial vapour velocity) have been defined in earlier

chapters.

The homogenecus and vapour phase Froude numbers increase from
hottom to top of the tube, reflecting the increase in the vapour flow
rate due to evaporation. Conversely, the ligquid Froude number decreases

along the tube.

The relationship between hTP/hL and the Froude number cannot be
found directly from a plot of local values of these quantities for any
single run, because the variation of Fr along the tube is accompanied
by a variation in llxét' In order to study the effect of Froude number
alone, local data points from different runs at a constant value of

l/xtt are considered.

Fig. 5.3 shows a plot of the local heat transfer ratio hTP/hL
versus llxtt for three small ranges of the homogeneous Froude numbe{
Fr. The three groups of points shown have been taken from different
runs, (see Table 5.1.) The points with approximately the same Fr tend

to form a separate line. We can deduce from Fig. 5.3 that at a con-

stant value of the Lockhart-Martinelli parameter, hTP/hL increases with
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a decrease in Fr. From the data in Tables 5.2 and 5.3 and Fig. 5.4
and 5.5. 1t can be seen that the liguid and vapour~phase Froude number
indicate the same pattern of behaviour. This suggests that the heat
transfer ratio hTP/hL does not depend solely on 1/Xtt but also on Froude
number whether expressed in terms of the homogeneous velocity or the

superficial velocity of either phase.

The importance of the wall superheat or film temperature difference
in determining the operating conditions of thermosiphon reboilers has
already been considered. Calus et al. (C6, M1l) successfully correlated
length-mean and local heat transfer coefficients by incorporating the
dimensionless reciprocal of the film temperature difference, 'I‘b/ATf as
a correlating parameter alongside llxtt.

The following form of correlation is therefore proposed for local
heat transfer coefficients:

b b
e SN (_1_.) 1 (1‘?_) 2 (Y’_) 3 (5.10)
by, Xee argl  \gD
where (V*/gb) is the Froude number in terms of a welocity V which can

be identified with any of the three forms considered.

5.2. Correlation of experimental local heat transfer coefficients

The experimental results described in the preceding chapter were

used to develop corrxelations of the type of 5.10.

85 runs gave a total of 765 local data points. The first step in

the correlating procedure was to identaify the points in which the
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Table 5.1

Data points shown in Fig. 5.3

Run Compartment 1 h
- Number Number X I Fr ’
tt hL
1 9 1.251 | 2.867 | 1066.0 ,
6 8 0.611 | 1.648 | 1089.0
7 7 0.627 | 1.772 | 1091.7
12 7 0.856 | 2.276 | 1037.9
13 7 0.780 | 2.169 | 1068.1
16 6 1.126 | 2.787 | 1084.7
18 6 0.924 | 2.697 | 1082.7
19 6 0.896 | 2.423 | 1010.7
21 5 0.721 | 2.253 | 1031.5
27 5 *| o.895 | 2.404 | 1091.9
Fiaggtgzgn 32 5 1.362 | 3.062 | 1096.9
oo 54 4 3.914 | 6.430 | 10209.1
58 4 1.858 | 3.910 | 1037.4
59 4 1.762 | 3.867 | 1002.1
63 4 1.320 | 3.164 | 1010.8
67 4 1.282 | 3.090 | 1074.0
68 4 1.195 | 2.960 | 1037.1
84 4 4.334 | 7.160 | 1085.7
7 9 0.876 | 1.771 | 2301.5
12 9 1.224 | 2.392 | 2302.0
22 8 3.283 | 5.279 | 2302.8
Fr between 23 8 2.040 3.709 2279.0
2200 and 27 7 1.265 | 2.743 | 2283.0
2300 38 7 1.422 | 2.803 | 2245.9
44 6 3.208 | 4.788 | 2205.0
48 6 1.909 | 3.391 | 2221.7
49 6 1.828 | 3.239 | 2206.6
83 6 5.630 | 6.706 | 2272.3
23 9 2.450 | 3.783 | 3461.9 )
36 8 2.004 | 3.547 | 3505.9 :
F§4ggt§§3n 40 8 1.745 | 3.004 | 3598.4
3600 50 7 2.328 | 3.703 | 3459.2
52 7 1.856 | 3.172 | 3464.5
55 7 4.959 | 5.935 | 3584.8
56 7 4.115 | 5.191 | 3575.6
82 7 6.408 | 7.221 | 3485.3 |
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Table 5.2

Data Points Shown in Fig. 5.4

Run Compartment 1l h
- Number Number X 1= Fry,
tt h
L

70 4 3.576 | 6.506 | 0.051

71 9 8.724 | 8.543 | 0.051

Fr, 75 7 6.228 | 7.302 | 0.055

betuen 75 8 7.324 | 8.078 | 0.052

oot 76 3 2,664 | 6.030 | 0.052

o oo 79 8 7.565 | 8.014 | o.051

79 7 6.472 | 7.184 | 0.054

81 6 5.578 | 7.092 | 0.053

82 4 3.243 | 5.816 | 0.050

82 3 2.308 | 5.459 | 0.052

22 9 3.897 | 5.482 | 0.119

28 3 1.460 | 4.303 | o.109

28 4 2.005 | 4.481 | 0.105

28 5 2.599 | 4.642 | 0.102

- 43 4 2.062 | 4.430 | 0.120

L 4 a3 5 2.683 | 4.620 | 0.116

between a3 6 3.313 | 4.868 | 0.112

0.100 and 43 7 3.931 | 5.211 | o0.108

0.120 43 8 4.538 | 5.676 | o.104

43 9 5.350 | 5.912 | ©0.100

44 8 4,202 | 5.608 | o.118

44 9 5.211 | 6.058 | 0.113

56 7 4.115 | 5.191 | 0.116

56 8 4.786 | 5.628 | 0.111

56 9 5.696 | 5.925 | 0.106

16 9 1.809 | 3.256 | 0.592

24 5 0.977 | 2.787 | o.599

Fr., 24 6 1.215 | 2.898 | o.s01
between 24 7 1.431 3.136 0.584 \

0.58 and 36 6 1.486 | 3.093 | 0.597

0.60 36 7 1.746 | 3.298 | o.588

36 8 2.004 | 3.547 | 0.580

51 7 1.949 | 3.414 | 0.5%

51 8 2.263 | 3.603 | 0.579
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Table 5.3

Data Points in Fig. 5.5

Run

Compartment

j=2

—_— Fr

Number Number Xtt hL g
1 9 1.251 | 2.867 | 1022.6
10 7 1.100 | 2.483 | 1096.1
16 6 1.126 | 2.787 | 1043.3
17 6 1.099 | 2.561 | 1087.0
18 6 0.924 | 2.697 | 1019.3
27 5 0.895 | 2.404 | 1025.2
or 31 5 1.777 | 3.609 | 1103.9
g 32 5 1.362 | 3.062 | 1054.7
between 54 4 3.914 6.430 1016.8
1000 and 58 4 1.858 | 3.910 1008.8
1100 67 a 1.282 3.090 | 1028.5
. 75 4 3.162 | 5.710 | 1100.8
84 4 4.334 | 7.160 | 1074.0
10 9 1.509 | 2.798 | 2238.8
12 9 1.224 | 2.392 1 2206.3
Fr 22 8’ 3.283 | 5.279 | 2269.3
betwgen 23 8 2.040 | 3.709 | 2222.5
2900, and 47 6 2.432 | 3.919 | 2298.0
5300 51 6 1.648 | 3.192 | 2276.4
73 5 2.360 | 3.929 | 2293.9
83 6 5.629 | 6.706 | 2254.3
23 9 2.450 | 3.783 | 3393.0
33 8 2.202 | 3.691 | 3593.7
36 8 2,004 | 3.547 | 3416.3
Fr 40 8 2.122 | 2.965 | 3491.4
bethen 53 7 1.823 | 3.240 | 3507.7
2400 and 55 7 4.959 { 5.935 | 3551.8
3600 56 7 4.115 | 5.191 | 3535.0
64 7 2.320 | 3.610 | 3573.8
73 6 2.903 | 4.177 | 3561.4
82 7 6.408 | 7.221 | 3461.3
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nucleate mechanism dominated over the convective one. It is assumed
(31, Bl) that nucleation mechanism prevails at qualities below 2%,
although it can still be found to be the dominant process above this

limat, particularly at high heat fluxes.

500 out of the 765 experimental local data points of this work
have qualities of 2% or more, and liquid and vapour Reynolds numbers
above 2000. On the basis of these data points, the local heat transfer

ratio hTP/hL was correlated with llxtt' giving the equation:

0.54
Pre 2.66 (L (5.11)

By, et
The numerical constants of this equation were obtained by means

of a linear regression routine. Equation 5.11 correlates most of the

data points with an accuracy of 130%.

Fig. 5.2 shows the line of equation 5.11 in log-log co-ordinates,
together with all the local points of runs 48, 72, 83 and 85 which had
qualities above 2%. The points showing bigger deviations {(up to +75%)
from the correlating line are those obtained in the lower compartments
of the evaporator tube, at low quality and low 1/xtt' These conditions

correspond to a dominance of the nucleate boiling mechanism.

In Section 3.4 the errors in the experimental heat transfer
coefficients were found not be be higher than *30%. The maximum devia=-
tion of experimental local heat transfer ratios hTP/hL from the correla-

ting line 5.l11 should not greatly exceed this maximum. It has been
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decided arbitrarily to exclude only the points that exceeded a devia-
tion of *40% from the correlation procedure. This restriction resulted
in the elimination of data points from the two bottom compartments of

the evaporator tube.

The remaining 473 data points were again correlated by an equation

of the type of 5.8, giving the following correlation:

Byp

0.566
1
tt

with an accuracy indicated in Table 5.4 and Fig. 5.6.

(5.12)

Table 5.4,

Accuracy of Local Correlations

A Percentage Sum of squares
Maximum couracy of data of deviation
Equation limit for
error points with-| hetween experi-
number N% of the
limits, in the mental and
data points
accuracy predicted h__/h
. 2 ™ L
limits, N
+38.70
+
5.12 -31.99 130% 95.8% 156.402
+18.84
bs . 28.0
5.13 -29.78 15% 97.88% 9.058
+19,75
o+
5.14 -30.35 *15% 97.67% 31.046
+18.81
* + .09% 28.466
5.15 -29.89 15% 98.09 8
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In order to obtain correlations of the type of 5.10 three forms

of the Froude number are considered:

Fr, bacsedon the homogeneous f£luid velocity,
FrL, based on the superficial velocity of the liquid phase,

Frg, based on the superficial velocity of the vapour phase.

The method of multivariable linear regression was chosen to obtain
the numerical constants in correlations of the type of 5.10. This
method, as described by Volk (V1) minimises the sum of squares of
deviations of experimental from predicted values of the dependent
variable. It was used by Wright and co-workers (W2) to correlate heat

transfer coefficients in the convective regicn.

The application of the linear regression routine is shown in

Appendix IV. The following expressions are arrived at:

h 0.735 /T. \ 0.062
~= = g,011 (;(l—) (A—Il,’-) p 0-194 (5.13)
hL it £
B L \0-307 /m \0.0385 .
X2 o 2.146 (22— =2 Fr (5.14)
h, Xt AT L

0.738 /T. \ 0.06
Pre 7.957 (3(—1—) (-ATL) pr O0-194 (5.15)
h tt £ g

The correlating accuracy of these equations can be found in Table
5.4, The correlations developed here for the heat transfer coefficients

of this work are a significant improvement on equation 5.12. Figs. 5.7,
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5.8 and 5.9 show the degree of agreement between the experimental
results and the predictions of equations 5.13, 5.14 and 5.15.
respectively. The correlating properties of equation 5.15. are slightly

better than those of the other two, as it may be seen from Table.5.4.

The method of linear regression was expected to assign the best
values to the exponents of the differgnt parameters to £it the present
data. llxtt has a different exponent in each of the equations 5.13
to 5.15. The reason for this is that Fr, Fri and Frg are related with
1/X__ by their dependence on the mass flow rates WL and Wé.

tt

In equation 5.14:

©.307 , —0.187

009
( )

2
FrL I WL

But

0.8
by, o W,

Therefore
W

2(-0.187) .. 0.8
B o(;(ﬁf W W

0.9(0.307) ’
) L L

0.276 0.15
* 5.14a

In equation 5.15:

1 0.738
h — ~0.194
e ol (;tt) Frg hL
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2
But  Fr w
g <%
Therefore . 0.9(0,738)
¥y 2(~0.194) 0.8
hTP OC(WL) ‘Wg . WL
0.276 0.136 l
htp o( Wg WL {5.154)

It can be seen from equations 5.14A and 5.15A, that equations
5.14 and 5.15. predict approximately the same dependence for the two-
phase heat transfer coefficients on the liquid and vapour flow rates.

Therefore, these two equations can be considered as equivalent.
The exponents of 1/xtt and Tb/ATf in equations 5.13. and 5.15 are .
very similar. This is because the homogeneous and vapour phase Froude

nunbers differ very little numerically.

5.3. Correlation of length-mean heat transfer coefficients

The experimental length-mean heat transfer coefficients from runs
in which the length-mean quality was 2% or more were compared with the
predictions of equations 5.12, 5.13, 5.14 and 5.15. The accuracy
of each of these equations in correlating the length-mean data may be
found in Table 5.5 and Figs. 5.10, 5.11, 5.12 and 5.13. It is
concluded that the length-mean coefficients of this work are well
correlated by equations developed from local heat transfer data and
that correlations including the Froud? number and the reciprocal of

the film temperature difference are an improvement on equation 5.12
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The length-mean coefficients were also correlated by means of the

following equation:

h ‘ 0.822 /T \0.575  _
-ili = '0.0415 (—}— (ﬁ) Fr 0-0094 (5.16)

xtt £
The linear regression routine already mentioned was used. It
correlated 97% of the length-mean data points to within *4%, In develop-
ing the correlation 5.16 only the data points with the length-mean
average quality higher than 2% were used. It is interesting to note
that this length-mean correlation does not correlate the local data

points. Fzé. 5.14 shows the local data points from yuns 48 and 83.

The local data points from the two bottom compartments (1 and 2),
where the predominant mechanism of heat transfer was nucleation ard
not shown in this plot. It can be seen that the heat transfer ratios
hTP/hL from the lower compartments 3 and 4.are underestimated by
equation 5.16, while those from compartments 6, 7, 8 and 9 are over-
estimated. Only the heat transfer ccefficients in the middle compart-
ment are always correlated within the X15% accuracy limits. The
range of the homogeneous Froude numbers in this zone is approximately
equal to that of the homogeneous length-mean Froude number asg indicated

in Table 5,6.

The large axial variation in the magnitude of the homogeneous
Froude number in any run is probably not éccounted for by its exponent
in equation 5.16. As a result, this equation predicts heat transfer
ratios hTP/hL higher than the experimental ones in the upper half of the

tube.
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Table 5.5

Comparison of Length-mean Data Points with Local Correlations

Ranges of the Homogeneous Froude Number

Percentage of | Sum of squares of
gumber 1imits N& of the within the experimental and
+ | data points accuracy | predicted hp/hy
PO limits, N
5.12 | f23.50 +20% 94% 15.114
5.3 | 1139 £15% 97.64% 2.443
si4 | 23073 £15% - 97.64% 2.655
s.as | 22 £15% 97.64% 2.442
Table 5.6

Local, in the

Local, in all

Length-mean individual
middle compartment compartments
245,8-2294.0 238.8-2343.5 1.7-9209.5
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5.4. Comparison of the present data with some published correlations

A compariscen of both leocal and length-mean data of this work with
the predictions of eaxlier heat transfer correlations 1s made in this
section. Three correlations originally obtained from water data are
used for this purpose. The experimental conditicns that served to
arrive at these correlations are sumarized in Table 5.7, together with

those of the present work.

5.4.1. The Dengler~-Addoms correlation (D3)

Dengler and Addoms correlated local heat transfer coefficlents in
forced vertical upflow by the expression:
h 0.5

ZE£ _ 3.5 —1—) (5.17)

by, Xt
85% of their local data points in which nucleation was believed to be
suppressed were correlated to within *20% by equation 5.17, which .
applied in the zenge of 1/xtt from 0,25 to 70. Fig. 5.15 shows the
line of equation 5.17 and the data points used in this work, Most of
the data is below the correlating line, with 36.6% of the data within

the *20% accuracy lines. 94.5% of the points are between the correlat- i

ing line and the -35% accuracy line.

5.4.2., The Schrock=Grossman correlation (S1)

On the basls of the experiments with water in the range of variables

specified in Table 5.7, Schrock and Grossman proposed the equation:
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—-—-————N“l/3 = 170 Eo + 1.5 x 102 xtt"z/ﬂ
Re Pr .

which is more frequently written as:

= 0.739 | Box 10" + 1,5 [—
tt

2/3
P
—hhi— 4 ( 1 ) (5.18)
This equation correlated their local data to within *35%., Fig.
5.16 shows the local heat transfer coefficients of the present work
4 2/3
plotted as hTP/hL versus Bo x 10 + 1.5(1/xtt) . 'The line of

equation 5.18 is also indicated. It can be seen that 95% of the

present local data points are well within the +35% accuracy lines.

5.4.3. The correlation of Abid (Al)

From experiments conducted in natural clrculation reboilers,

Abid obtained the eguation:

= 0,043 Gao'2

[

ny, tt :
where Ga is the Galileo number, £ is half the length of the tube and
Z is the distance from the tube inlet to the centre of each compartment.

Equation 5.19 correlated 85% of his local water data points to within

£30%.

The comparison of this equation with the present local data is
shown in Fig. 5.17. The data of this work are below the correlating
line, 37.4% of the data points are within the recommended accuracy

limits of *30%.
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Despite the restricted range of variables in this work the agree=-
ment of this data with eqguations 5.1?, 5.18 and 5.19. is relatively

good.

Table 5.7

Summary of experimental details of correlations 5.17., 5.18, and 5.19
and this work

Investigator Heat Exit Mass
and Dimeter |Hodimm | Syseenm flux lquality| flux
Equation BTU/hr £t? % lb/hr ft?

4
Dengler and . Forced 30000~ 4,4 x 10
Addoms 5.17| L M Steam Upflow 156000 0-100 1101 x‘lo4
Schrock and [0,1181 in. 0000 4
Grossman 0.2370 in.{Electric gozieg i45005 5=-57 ;5QGX1SOZ
5.18 0.4317 in, pilo x
Abid 5.19 0.872 in. Stean Natural 10176~ 1.2=- 2.9 x 104-
0.5 in. Circulation 116500 64.5 54.9x 10
4
Present Natural 15220=- 1.97= |5.6x 10
work 0.872 in. | Steam |, ulation| 69200 36.2 | 50.2x10%

5.5. Comparison of the proposed correlation with the data of other workers

The correlation of local heat transfer coefficients in terms of the
homogeneous Froude number, equation 5.13, was compared with data obtained
by B.A. Abid on the same apparatus. 310 local data points from 63 runs
with water were used for the comparison. These points had qualities

above 2%, and the liquid and vapour Reynolds numbers above 2000.

The line of equation 5.13 is shown in Fig. 5.18, together with
Abid's data points. It can be seen that most of the data points are

above the line. The deviation of the data ranges from O to about +100%,

!
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with 46% of the points between the line of equation 5.13 and the +35%
accuracy line. This discrepancy may be due to the fact that equation
5.13 was obtained from data covering a restricted range of quality and
heat flux, as shown in Table 5.8. The points which are closer to the

line of equation 5.13 are those corresponding to low values of the

parameter;
( 1 \0-735 (Tb)0.062 £y -0-194
xtt ATf

for which the quality and the heat flux are low.

Table 5.8
- Local Qualities Local Heat Flux, BTU/hr ft2
Abid's data 2,0-60.2 10176-116500

Present data 2.0-33.8 15220-69200
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Comparison of local heat transfer data of reference Al with
the predictions of equation 5.13.
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6. Conclusions

Experiments were conducted on a steam-heated natural circulation
reboiler tube ©.872 in. I.D. using water as a test liquid. Local and
length-mean heat transfer coefficients were determined. The local
heat transfer data revealed the occurrence of the nucleate and convec-
tive regimes of heat transfer along the tube. Only the local data
points in which the convective mechanism was believed to be predominant

were used for correlating purposes.

The analysis of local heat transfer data in the convective region
indicated that the Froude number is an important correlating parameter.
Plots of the heat transfer ratio hT?/hL versus l/xtt showedlthat at a
constant value of l/Xtt, a decrease in the Froude number corresponds
to an increase in hTP/hL' Froude number, being a relationship between
inerti; and gravity forces, is thought to account for the effect of

these forces on the film thickness and the thermal resistance of the

ligquid £ilm in annular two phase flow.

The Lockhart Martinelli parameter is an established correlating
factor for two phase heat transfer coefficients. The film temperature
difference is also a strong correlating parameter in thermosiphon
reboilers., Attempts were made to correlate heat transfer coefficients
in terms of these two parameters and the Froude number. Three forms
of Froude number were used: based on the homogeneous velocity, the
liquid superficial velocity and the vapour superficial velocity.
Correlations based on each one of these forms were proposed (eguations

5.13, 5.14 and 5.15). These equations correlated the present data to
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within #15%, the correlation based on ‘the vapour Froude number giving
slightly better accuracy than the other two. Equations 5.13, 5.14 and
5.15 proved to be an improvement on the literature equation 5.12, which

correlated the data to within *30%.

The equations developed are valid in the range of local gqualities
from 2% to 33.8%. The local homogeneous and vapour phase Froude numbers

ranged from about 300 to 9200. "

The length-mean heat transfer coefficients for the length-mean
gqualities between 2 and 17.5% were also correlated by equations 5.13,

5.14 and 5.15 to within *15%.

The agreement between the present local data and the predictions

of Dengler-Addoms' correlation, Schrock-Grossman's correlation and °

Ablid's correlation is reasonably good.

The agreement of the proposed correlation with data of reference
Al is not so‘good. Only the points from the lower heat flux experiments ‘
respond to the method of correlation’'developed here. This is attributed
to the restricted range of qualities and heat fluxes used in the present \

work.
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APPENDIX I

Physical Properties

I.1. Physical properties of water and steam

Physical properties for the water/steam system are given in

Tables I.l1, I.2 and I.3. These values are taken from reference 52,

Table I.1

Density, enthalpy and saturation pressure of water and Y
steam as a function of the saturation temperature in
the range from 99°C to 106°C. (SI units)

Tsar, C Pear, Par | P ko/m? [ 0y wa/n® | B, KI/MG (B, KI/kg
99 0.9776 958.86 C.5780 414.85 2674.4
100 1.0133 958.13 0.5977 419.06 2676.0
101 1.0500 957.39 0.6180 423,28 2677.6
102 1.0878 956.66 0.6388 427.50 2679.1
103 1.1267 | 955.93 | 0.660L | 431.73 | 2680.7
104 1.1668 955,20 0.6821 435.95 2682.2
105 1.2080 954,47 0.7047 440,17 2683.7
106 1.2504 | 953.74 | 0.7277 | 444.40 | 2685.3

Table I.2

Viscosity, thermal conductivity and Prandtl number of
water and steam at saturation as a function of
Toap 10 the range from 90%C to 110°C

AT
6 [ . 2
. o My % 10° |pg x 10 kL x 10 kg x 10
sart’ Pr Pr
_kg kg W W L g
sec m Sec m meC mo¢
20 311 11.62 67.6 2.40 1.94 0.966
100 279 12.02 68.1 2.48 1.73} 0.984
110 252 12.42 68,4 2.56 1.56 1 1.000
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Table I.3

Latent heat of evaporation of water in the
temperature range from 110°C to 150°C

T C 110 115 120 125 13¢C 135 140 145 150 155
KJ/KF 2230.0{2216.2|2202.212188.0)2173.6] 2158.9] 2144.0| 2128.7| 2113.2| 2097.4

Brg

Tables I.1 and I.2 cover the temperature range used in the boil-
ing experiments. Table I.3 covers the range of steam temperature in
the héhting jackets. All physical properties used in the calculations

are values at the measured bulk fluid temperature.

To facilitate the use of physical properties in computer calcula-
tions, linear interpolation formulas have been constructed. These formu-
las represent straight lines of best fit for each property in the ten-
perature ranges considered.

I.1.1. Saturation curve, . T

PSAT SAT

TSAT = 74,0221 + 25.6825 PSAT

o
where Tear is in C and Poar in [bar]

I.1l.2. Density of liquid, pL

o
p, = 1032.069 - 0.7393 T, [kg/w’, "C]

T
or

- - 3 ©
P, = 65.252 - 0,02564 T, [1b/£t®*, F]




182

I.1.3. Density of water vapour, pg

[kg/m*, ob] |

L
|

1.6004 + 0.02197 TSAT

)
[

O
-0.12429 + 0.000762 T, [lb/£t*, °F]

I.l.4. Enthalpy of liquid, HL ’ \

Q
H = =-3.1986 + 4.2226 T, [KI/kg, )

or

[»)
H = -33.6472 + 1.0085 T,  [BTU/1b, °F)

I.1.5. Enthalpy of water vapour, Hg

[KI/kg, cb]

Hg = 2522.,03 + 1.54 TEAT

oxr

- (=]
B, = 1056.94 +0.8556 Tg,,  [BTU/1b, °F]

I.1.6. Latent heat of evaporation, H

Lg in the range of the boiling

experiments (99 to 106°C)

ig T g TR

H = 2525.2 - 2.6826 TEA

o)
Lg by [KJ/\K-Q: cl

or

[+
HLg 1085.69 -~ 0.64074 Toar [BTU/1b, F]



I.1l.7. Viscosity of liquid, uL

_ -4 -6 kg o
B, = 5.74x10 2.954 x 10 ~ T, {Sec — cl

_ _ 1b o
By = 1.5171 - 0.00397 T, [ft] ¢ Fl

I.1.8. Viscosity of water vapour, ug

_ -6 -8 kg B

By = 8.644 x 10 ° + 3.44 x 10~ T, [sec m]
=5 1b o
”g = 0.01944 + 4.583 x 10 ~ T, [ft il F]
I.1.9. Thermal conductivity of liquid, kL -
r
k, = 0.6491 +0.000316 T, g+ el
BTU (o]

= F

kL 0.3717 + 0,0001015 TéAT [5;7?5;155 ' ]

I.1.10. Prandtl number of liquid, PrL

-

0,
= - 0. F
Pr. 3.965 - 0.01053 T, . ['F]

I.1.11. ZLatent heat of evaporation, H' , in the temperature range of

Lg
the heating jackets, 110 to 155°C

o]
' = - K
HLg 2555,.2 « 2.9429 TSAT [KI/xg, C]

' = 1121.106 - 0.70294 [BTU/1b, °F)

Lg Tsar
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1.2. Physical properfies of the test section material

Only the thermal conductivity of the tube, made of steel 316, is
these
of use inApalculations. It is given in reference Al:

BTU o
ks = 9,15 + 0.0066 T [m + C]

where T is the mean wall temperature, taken as the average between the

Steam temperature and the bulk fluid temperature on the boiling side.
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Appendix II

Thermocouple Calibration

The ten thermocouples used to measure the liquid temperature in
the reboiler were compared with an NPL-tested thermometer (A} at the
boiling point of distilled water. Cold junction temperatures were
measured by a BSI te;ted thermometer (B). Five comparison tests were

¥

made,

Table II.1 shows the particulars of both thermometers. Table
II.2 summarises the conditions under which the tests were made. The
detalled results of the tests and the final corrections to the thermo-
couple readings are given in Table II.3. The calibration calculations

1

are explained by means of an example, taken from test No. 1.

II.1. The true temperature of the boiling water at the depth of 100mm,
n

Thermometer reading: 100.5%

1st correction: —0.05°c {from test certificate}

2nd correction: (dAue to the exposed column of mercury) is

calculated from the expression:

KN(t-T), where
X = 0.0016 (°c)”! (thermal expansion constant)

N = 4.3°C (length of the exposed column).

.
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Table II.l1

Thermometer A

Thermometer B

No.
Date of Test

Name on Thermometer

74239 NPL 74
17 June 1974
H. s.

90440 BST 74
12 December 1974
H.s.

Specification BS 593/54 Al130C/100 | BS 593/54 A70C/100
Range ~0.5°%C to +0.5% -0.5% to +0.5%
99.5% to 130.5% 39.5% to 70.5%C
Divided to 0.1°% 0.1%
Immersion 100 mm 100 rmm
Accuracy +0.1% +0.05°%
Table II.Z2
- Test 1 Test‘z Test 3 | Test 4 | Test 5
Atmospheric Pressure |... o l962.30 | 762.30 | 764.30 | 764.20
(mm Hg)
Reading of thermometer
A immersed in boil- |100.5 100.5 100.5 100.6 100.55
ing water (OC)
Length of the exposed
golumn expressed in 4.3 4.3 4.3 4.4 4,35
C -
Average reading of
cold junction 43.755 [ 43.74 43,76 43.65 43.75
thermometer, C

t:

of the thermometer (33°C)

T:
(100°¢C) .

Therefore: KN(t-T) =
Total correction:

-0.046°C.

100.404°%.

temperature of air surrounding the exposed column during NPL test

temperature of steam around the exposed column in this experiment

~0.096°C.
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Ii.2. Cold junction temperature, TR

Average reading of thermometer B: 43.755°%
Corrections from the test certificate:

at 40.00% ... +0.02%

at 45.00% ... +0.08%
Interpolated correction: .+0.065°C

Therefore T, = 43.755 + 0.065 = 43.82%, :

In this case the correction due to the length of the exposed

.

column of mercury, was negligible.

I1.3. Temperature of the boiling water at a depth of 100 mm from the
thermocouple measurement, Tc y

Ten readings were taken for each thermocouple in each test and the
average values are recorded in Table II.3. Cold junction temperatures '
were converted into e.m.f. by interpolation between the following '

values:

v, %c | 43.01 44.0

vV, mV | 1.73 } 1.77

This gives, for the test No. 1 (when T = 43.82°C)

vV = 1.7628 oV.

This e.m.f. was added to the average for each thermocouple (Table 3)

and converted into temperature by means of the equation.

(T, = 24.1382v + 1.06 (°c)
which is a straight line of best fit for the range 99% to 106°C. The

~

temperatures, Tc are recorded in Table 3.
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II.4. Correction to thermocouple-measured temperatures

’

The difference Tm-'rc was computed for each thermocouple in each
test (Table 3). The final correction for each thermocouple (average

of five values of Tm-'I'c) is recorded in Table 3.




Table IX.3

Test No. 1 Test No. Test No.
1)) . -
i .
3 G w3 D o 3 9 o . . . o
8| £C leee8E o B0 lsel 4n | o | 8 | e | 85 o | ®
-4 Q W OT O H oK “ g8 =4 | ca I 3] [} > * 3] g
g 28 |Bugl|ieg | g . S 5 9 :
ﬁ < g%l’)ﬂ) M0 [al o+ S
RS LLE:
4P
(bim) 2.315 4.0778 99,490 0.9133 }{2.312 4.0742 99,404 1.00 2.311 4.074 209,399 1.005
&
2 2.303 4.0658 99,201 1.203 2.303 4.0652 99,187 1.217 2.303 4.066 99,206 1.198 -
3 2.347 4.1098 100.262 0.141 2.348 4.1102 100.273 0.131 2.342 4.105 100.147 0.257
4 2.3228 4.0856 99.679 0.725 2.323 4.0855 99.677 0.727 2.3157 4.079 , 99,512 ©.892
5 2.350 4.1128 100.336 0.068 2.346 4.1082 100.224 0.180 2.343 4.106 100.171 0.233
6 2.315 4.0778 99,491 0.913 2.326 4.087¢9 99.734 0.670 2.313 4.076 99.443 0.961
7 2.357 4.1198 100.504 -0.100 2.357 4,1192 100.490 -0.086 2.355 4,118 100.461 -0.057
8 2.334 4.0968 99.949 0,455 2.335 4,0972 99,959 Q.445 2.332 4,095 99,906 0.498
9 2.33125 4.0940 99.883 0.521 2.333 4.0952 99,911 0.493 2.331 4.094 99,884 0.520
10 2.361 4.1238 100.601 =0.197 2.360 4.1222 100.562 -0.158 _2.361 4.124 100.606 -0,202
ttOp) —
/eontinued
T = 100,404 ~ T = 100.404 T = 100.404
m B m ., In
TR = 43.82 Ty = 43.805 T, = 43.825

-
e




Table II.3

continued
3 Test No. 4 Test No. ~l
% : g
2 5 b Y o5
0 . v . . v
Eg > B Hh ) & >% it ) & 3 e
[} | O B EE < 50 B E'IE gm
3] &+ - "+ >0
(btm) 2.325 | 4.0836 | 99.630 | 0.873 | 2.3215[ 4.0801 | 99.546 | 0.906 | 0.94
2 2.324 | 4.0826 | 99.606 | 0.897 | 2.315 | 4.0776 | 99.486 | 0.967 | 1.08
3 2.366 | 4.1246 | 100.620 | -0.117 | 2.356 | 4.1186 { 100.475 |-0.022 | o.08
4 2.341 | 4.0996 | 100.017 | 0.486 | 2.331 | 4.0936 | 99.872 | 0.581 | 0.68
5 2.366 | 4.1246 { 100.620 | -0.117 | 2.356 | 4.1186 | 100.476 |-0.023 | 0.07
6 2.336 | 4.0946 | 99.896 | 0.607 | 2.328 | 4.0906 | 99.799 | o.654 | 0.76
7 2.375 | 4.1336 | 100.837 | -0.334 | 2.363 | 4.1256 | 100.644 |-0.191 |-0.15
8 2.35 | 4.1086 [ 100.234 | 0.269 | 2.337 | 4.0996 | 100.017 | 0.436 | 0.42
9 2.346 | 4.1046 | 100.137 | 0.366 | 2.341 | 4.1036 | 100.113 | 0.340 | 0.45
(t:p) 2.375 | 4.1336 | 100.837 | ~0.334 | 2.368 | 4.1306 | 100.765 | -0.312 |-0.24
T = 100.503 °C T = 100.453 °C
m . m )
- o - | o
Ty 43.715 °c T, 43.815 °c

e6T
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Appendix III

Sample Calculation

Run No. 55 Date: 5K.7.1977
IIr.l. Experimental readings
\
Steam temperature, TS .e . .e .o 147.8% '
Steam pressure, Ps .a .e .e . 52 psig
Submergence, § .e .o .. ‘e .o 39%
Atmospheric pressure, P atm . . .e 759.8 mm Hg
Vapour condensate flow rate, Wg:
Volume collected .. .. .o .e .o 420 on? "
T%me of collection ve .e .. .o 42.3 sec |
Circulating liquid flow rate, WL: ’
Time taken by the liquid to fill a height .
of 20 cm in the 3 in. dia. calibrated :
measuring cylinder . .o .e . 23.1 sec
Thermometer readings:
Bottom temperature . -a .- e 100. 7°c "‘
Top temperature .e .e .e . 98.BQS l
Cold junction temperature .e .e . 43.7% .
Y
Steam condensate flow rates, wsi {Table III.l.) \
Table III.1
Compartment 1 2 3 4 5 6 7 8 9
Number Bottonm Top
Volume 3 1849 | 1907 | 1840 | 1950 { 1963 | 2098 | 2116 | 2158 | 2249
collected, cm

Time of collection for all compartments: 1667.3 sec.
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Thermocouple readings (Table III.Z2).

Table III.2
— .
Thggﬂ;;e 1 2 3 4 5 6 v 8 9 | 10
number (btm) (top)
Average i, 403|2.4312.433]2.44112.427|2.403|2.416}2.418]| 2.418} 2.375
emf [mv]

III.2. Primary calculations ’

Liquid flow rate at the tube exit, WL

The capacity of 20 cm height in the measuring cylinder is 1025.33 cn’

x1 25 - 44.387 35 o 352,28 B
cm sec

w = 1025.33 (cm*)
hr

L 23.1 {sec)

Vapour flow rate at the tube exit, WE.

= 9.920 JE. = 79.8035 2
sec

W = 420 (cm?) gxr
hx

g~ 42.3(sec) * L ==

Total mass flow rate, W

W = W, + W, = 431.084 (Ib/hr)

Exit quality, X0

= —-—i——- .
%10 Wyt W 0.1828
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Bulk fluid temperature distribution, T

3 (i=1, ..., 10)

The cold junction temperature is 43.7°c, which corresponds to an e.m.f.

of 1.758 mV (see Appendix II, Section II.3.).

Table III.3

zgz;?z- Emf + 1.758{ Correspondin Calibratiog Corrected o
- [mv] Temperature, [ Cl|correction ["¢]| Temperature, [ C]
1 4.1607 101.49 - +0.94 105.43
2 4.18%0 1o2.18 +1.08 103.26
3 4.1913 102.23 +0.08 102,31
4 4.1989 102.41 . 40.68 103.03
5 4.1853 102.09 +0.07 *102.16
6 4.1607 101.49 +0.,76 102.25
7. 4.1744 101.82 -0.15 . 101.67
8 4.1762 101.87 +0.42 102.29
9 4.1760 101.86 +0.45 102.31 !
10 4.1335 100.83 -0.24 100.59

IXI.3. Heat balance

The total heat transferred to the evaporating fluid, Q:

Q = Wé (Hglo - HLlO) + W(Hilo - HLl) (3.3
HL10= enthalpy of liquid at the exit temperature, TlO
HL1= enthalpy of liquid at the inlet temperature, Tl

Hglo - HL10= latent heat of evaporation at the exit temperature.
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H = -
H ' and H H 10 HLlO are calculated from equations I.l.4

L10' "Ll 1910 g

and I.l1.6 respectively (Appendix I} (the temperatures have been con=-

verted into OF).

L10 =
H, = =33.6472 + 1.0085 x 216.374 =

HLglO = 1085.69 - 0.64074 x 213.062

Q = 78.8035 x 969.67 + 431.084

0 = 74973.57 [BTU/hx]

III.4. Calculation of local quantities

181.24 [BTU/1b]
184.58 [BTU/1b]

969.67 [BTU/1b]

[181.24 - 184.58) .

Mean bulk fluid temperature in each compartment, Tbi

Ty v Tin

T s -—] (i=1' seay g)

bi 2

Overall temperature driving force in each compartment, ATovi

AT vt = Ts ™ Ty

Values of T

bi i

and ATOv are in Table III.4.

Table IIT.d.

Compartment Number | Ty .. °c Ty °p AT °p
1 bottom 102.84 |217.11 80.93
2 102.78 | 217.00 81.04
3 102.70 | 216.86 81.18
4 102.62 | 216.72 81.32
5 ; 102.21 | 215.98 82.06
6 101.96 | 215.53 82.51
7 101.98 | 215.36 82.47
8 102.30 | 216.14 81.90
9 top 101.45 | 214.61 83.43
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Steam condensate flow rates, wsi

= -Weight of steam condensate collected

Wsi Time of collection

In order to minimise the error in WS ¢ the curve of WS versus the

i 1

axial co-ordinate Z/L (in which L is the total heated length of the
tube and 2 is the distance from the bottom of it) is smoothed as shown
in Fig. III.l. The experimental and smoothed values of Wsi are shown
in Table III.5.

Table III.5.

Compartment ng experimental, wsi smoothed, Wsi smoothed
number, 1 gr/sec ) gr/sec 1b/hr
1 bottom 1.10898 1.108 8.79379
2 1.14376 1.12¢0 8.88903
3 1.10358 1.140 9.04777
4 1.16955 l.160 9,20650
5 1.17735 1.188 9.42873
6 1.25832 1.220 9.68270
7 1.26912 1.260 10.00016
8 1.29431 1.302 10.33350
9 top 1.34888 1.348 10.69859
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Fig. III.1l
Local heat fluxes, a9 -

The latent heat of evaporation of water at 147.8% (298.049F) is given

by equation I.1l.1ll. -

HLg = 1121.06 -~ 0.702%4 x 298.04 = 91l1l.6 BTU/1b.
The first approximation to ‘the heat added to each compartment of the
tube, Qi', is given by:

Qi' .= Wsi HLg (i 1|' «nuy 9)

The nine values of Qi are shown in Table III.6., Their sum is:

Q' = 78471.16 BTU/hr.

Due to heat losses to the surroundings, the values of Qi' should be

corrected according to eguation (3.8):

= L. . '
Q Qi' il 0.955?3 Q
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where Qi are the "true" heats added to the compartments i. The local

heat fluxes are:

Q. Q. . .

o e———
0.15444 ft?

Table III.6. records Qi', Q1 and q for each compartment as well as the

values of q; given by the computer, qi(c).

Table III.6 N

Compaxtament | Q. *, Eh?{:]" Qr %E:" qy- %U?Ei’ q; (©), FE'T_E?"
nurber, i

1 bottom 8016.43 | 7659.14 49593 49582

2 8103.21 | 7742.04 50129 50119

3 8247.97 | 7780.36 51025 51014

4 8392.64 | 8018.58 51920 51909

5 8595.20 | 8212.11 53173 53162

6 8826.75 | 8433.34 54606 54594

7 9116.09 | 8709.78 56396 56384

8 9420.02 | 9000.17 58276 58263

9 top 9752.84 | 9318.15 60335 60322

Local overall heat transfer coefficients, Ui

{(see Table III.7.) .

where Ui is in [BTU/hr £43 °F]

Local film heat transfer coefficients for condensing steam, hsi

hsi = 3826 - 0.01 q {see Table IXII.7.)

vhere hs is in [BTU/hx ft??%]

i
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Thermal conductivity of the tube wall, ksi

. TS + Tbi :
ksi = 9,15 + 0.0066 — {see Table III.7.)

where k_. is in [BTU/hr ft °r]

Local two phase heat transfer coefficients, h

TPi
Y
Brpy = in )
fllUi) Da (De/Da) D '
si h D
s @
where De = outside diameter and Da = inside diameter of the test

section. After calculating the constants:

1
Brpi ¥ I 0.00503  0.57095
Ui ksi hsi

where h . is in BTU/hr f£t* °F.

The values of Ui' hsi' ksi and hTpi are in Table III.7 in which the

computer values of hTPi(C) are also shown.

Table III.7

Compartment
numbex, i U | Ps1 ksi Brps | Prpy©
1 bottom 612,79 | 3330.07 | 9.9771 | 1153.1 | 1153.0
2 618.57 | 3324.71 | 9.9769 | 1174.4 1174.3
3 628,54 | 3315.75 | 9.9766 | 1211.9 | 1211.4
4 638.46 | 3306,80 | 9.,9763 | 1250.5 | 1250.1
5 647.98 | 3294.27 | 9.9750 | 1289.3 | 1288.4
6 661.81 | 3279.94 | 9.9742 | 1347.4 | 1346.7
7 683.83 [ 3262.04 | 9.9743 | 1445.0 | 1445.1
8 7L1.55 | 3243.24 | 9.9753 | 1578.3 | 1578.7
9 723.18 | 3222.65 | 9.9725 | 1641.7 | 1640.8
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Qualaty distribution alceng the tube, x;

The exit quality is o = 0.1828. The quality of the two~phase mixture

in the individual compartments is cbtalned from equation (3.12).

L o fin B i * 8 24y " By~ (Q/W
i By

In order to use this equation, the  following quantities need to be,

v
A}

calculated: .

A}

a) Enthalpy of liquid H
Li
temperature Ti'

b) Latent heat of evaporation at the inlet of each
compartment, at temperatureg Ti' (Equation I.l.6.).

¢) Ratio of the local heat transferred to the fluid in [
compartment i to the total mass flow rate, Qi/w'

at the inlet of each compartment, at
(Equation I.l.4.).

Values of a), b) and ¢) are shown in Table III.S8. [

Table ITI.8 |

mber, 1 [P’ To | Frgt’ BT'I;]" W
1 bottom 184.58 | 967.55 | 17.7672
2 186.00 | 966.59 | 17.9595
3 184.36 | 967.63 | 18.0484
4 185.78 | 966.79 | 18.6009
5 184.09 | 967.86 | 19.0499
6 184.25 | 967.76 | 19.5631
7 183.20 | 968.43 | 20.2044
8 184.33 | 967.71 | 20.8780
9 top 184.36 | 967.69 | 21.6156
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The values of liquid enthalpy and latent heat at the exit of the top
compartment are:

H,, = 181.24 [BTU/1b]

H‘LglO = 969,67 [BTU/1b]

For i=9
N
X160 Tg10 * By ~ Hrg = (Qy/W :
Xy = \
HLg9 3
% (0.1828) (969.67) + 181.24 ~ 184.36 - 21.6156
9 967.69 .
xg = 0,1576l.
For I =28
x = {0.15761) (967.69) + 184.36 ~ 184.33 - 20.8780
8 . 967.61
Xq = 0.13607 \
For i=17
x - (0.13607) (967.61) + 184.33 =~.183.20 -~ 20.2044
7 968.43
X, = 0.11626
Foxr 1 =6
x _ (0.11626) (968.43} + 183.20 - 184.25 - 19.5631
6 . 967.76 '
x6' = 0.09504
For i=5
% - (0.09504) (967.76) + 184.25 - 184.09 - 19.0499
5 967.86

0.07551

»
|
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For 1 =4
% = (0.07551) (967.86) + 184,09 - 185.78 - 18.6009
4 966,79
x4 = 0,05460
For i =3
% = {0.0546) (966.79) + 185.78 - 184.36 - 18.0484‘
T3 967.69
Xy = 0.03736
For 1 =2
% = {(0.03736) (967.69) + 184.36 -~ 186.09 - 17.9595
2 966.59 -~
x2 = 0,01703
For i=1
_ (0.01703) (966.59) + 186.09 ~ 184.58 - 17.7672
o 967.55
xl = 0.00021

Mean quality in each compartment, xbi

X, + X
+
X, = _i_i__i_l (L =1, eer 9)

Values of X4 for the nine compartments are shown in Table III.9.,

together with the values given by the computer, xbi(c)'




204

Table III.9

cﬁmuf:;::exim Xi | %1© :

1 bottom 0.00862 | 0.00841

2 0.02719 | 0.02698

3 0.04598 | 0.04588

4 0.06505 | 0.06507 )

) 5 0.08527 | 0.08529 .

6 0.10565 | 0.10566 | . oA
7 0.12616 | 0.12615 Tt
8 0.14684 | 0.14682

9 top 0.17020 { 0.17021

Lockhart-Martinelli parameter, (l/xtt)i

0.9 7P \0.5 7p_\O.1
l xbi ) (Li) (—li.) (i = 1' X RN 9)

Zeer M7 % Pgi Mgl

— H

The physical properties are evaluated by means of equations I.l.2,
1.1.3, I.l1l.7 and I.1l.8 of Appendix I. For the bottom section”

(L =1

T, = 217.11%. ‘\‘
\

p,, = 65.432 - (0.02564) (217.11) = 59.686 1b/ £t S

pyy = 012429 + (0.000762) (217.11) = 0.04113 1b/ £t \

B, = 1.5171 - (0.00397) (217.11) = 0.6552  {1b/(ft hr)]

Mgy = ©0.01944 + (4.583 x 1073) (217.11) = 0.02939 [1b/(ft hr)]

Xa = 0.00862

———

( *p1 )0'9 = 0.01397
=%y




205

P 0.5
( -—Ei) = 38.094
pgl
i 0.1
(—Qi = 0.73313
Ml
(-fl--) = 0.39015
tE/l
[ \\
The values of (ljxtt)i for all compartments can be found in Table

III.lO.

I

Local film temperature difference, ATfi

\

- [»)
B¢y = @/Bypyr F.

Dimensionless reciprocal of the film temperature difference, Tbi/ATfi

The mean temperature of the fluid in each compartment is converted into
the absolute scale in CR. Then the values of TbilATfi are calculated

and tabulated in Table IIX.1O.

Table II1I.lO

et | (&), (3,9t |2 (2o
tt’i ttf i ATfi ATfi
1 bottom 0.39015 0.382 43.01 | 13.74 15.75
2 1.11729 1.109 42.68 | 15.86 15.86
3 1.82682 1.823 42.10 | 16.08 16.07
4 2.54536 2.546 41.52 | 16.30 16.30
5 3.33362 3.335 41.24 | 16.39 16.38
6 4.14224 4.143 40.53 | 16.67 16.66
7 4.96033 4.959 39.03 { 17.31 17.31
8 5.78052 5.778 36.92 | 18.31 118.32
9 top 6.86314 6.863 36.75 | 18.36 18.35
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Local liquid phase heat transfer coefficients, hLi

hLi = 0.023 5 ReLi PrLi
r
4W(l -
Reynolds number: Re = -—-————jiﬂ)
L 11T’”I.:l. i

Prandtl number: It 1s calculated from equation I.l.lO.

Thermal conductivity of liquid, k

Li® It is calculated from egquation

I‘l.g.

0.8 0.4
The values of ReLi ¢ PrLi . kLi and kLi can be seen in Table III.1ll,

together with the computer-calculated values of the liquid phase heat

transfer coefficient, {Cc}.

hLi

Table III.1l

cﬁﬂﬁ;ﬁ:?eit Reps | Prpy |Rpye frofe R Pt B oo P @ B feOF
1 11429.9]1.6781 ©.39378 270.4 270.5 k
2 11208.4}1.6793]  0.39377 266.3 266.3
3 10982.4}1.6808] ©0.39376 262.1 262.1 N
4 10753.4|1.6823]  ©0.39375 257.8 257.8
5 10474.1}1.6901]  ©0.39367 252.8 252.8 ‘
6 10202.7|1.6948]  0.39363 247.8 248.0 x
7 9981.1{1.6944] ©.39363 243.5 243.5
8 9778.7|1.6884]  0.39369 239.2 ° 239.2
9 9424.2/1.7045{  0.39353 233.0 233.0

Ratio of two phase heat transfer coefficient to liquid phase heat
transfer coefficient

Values of hTP/hL are given in Table IIX.12 for each compartment.
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Homogeneous Froude number, Fri

oy w0 Y
Fr = ( ) ( + )

ey F]
i gD Ab pgi pLi

g = 32,16 ft/sec® = 416793600 ft/hr?
D = 0.07266 ft
W = 431.084 1b/hr

A = 0,004146 £t}

(1 - N2
F . = 356984 [ 2L 4 ——i)

ri Pgi Pri

The following table gives the wvalues of density and quality for the

different compartments along the test section.

Compartment P

. F p r 1-
number, i *bi Li gi, “bi “bi

3 =43
1b/ft 1b/It pgi pLi

1 bottom .00862 | 59.6860 | .04113 .20958 | .016610

2 .02719 | 59.6887 { .041052 | .66233 | .016298
3 .04598 ] 59.6923 | ,04094 |1.12310 [ .015982
4 .06505 | 59.6961 | .04083 | 1.59319 | .015661
5 .08527 | 59.715 | .04027 | 2.11746 | .015318
6 .10565 | 59.7265 | .03993 | 2.64588 ;| .014974
7 .12616 | 59.7256 | .03995 | 3.15755 | .014631
8 .14684 | 59.7108 | .04039 | 3.63555 | .014288
9 top .17020 | 59.7500 | .03923 | 4.33851 | .013888

Values of Fri for the nine compartments are given in Table IIIL.12




Liguid phase Froude number, Fr N
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L

F.'L'L i

V.
alues of ‘FIL:L

Vapour phase Froude number, Fr

1 (W’\u_xbi)z -5
o] Li Li

for the nine compartments are given in Table 1II.1l2.

i
g \
2 Y
z 2
Fr_, -13(;“—,)(-:2) - 356.984(-xb—i)
9 9 o gi pgi
Values of Frgi for the nine compartments are given in Table III.l2.
Table III.1l2
Homogeneous Liguid .+ Vapour
i

i (hTP/hL):L Fri Fri(c) FrLi FrLi(C) Frgi Frgi(c) i
1| 4.264 18.26 | 17.4 |o.098 | .008 '| 15.7| 14.9 ",
2| 4.410 164.40 | 161.8 |0.095 | .095 156.6 | 154.0 \
31 4.624 463.19 | 460.8 |0.091 | .091 450.3 | 448.0
4l a.851 924,01 | 923.5 |0.088 | .o88 906.1 | 905.6 \
5| 5.100 |1623.82 |1623.82/0.084 | '.084 |1600.6 | 1600.4 \
6| 5.437 |2527.50 |2526.2 |0.080 | .080 |2499.1 | 2497.8 \
7| s.93¢ |3592.23 |3584.8 |0.076 | .076 |3559.1} 3551.8 \
8] 6.508 |4755.5 [4744.3 |0.073| .073 |4718.3 | 4707.2 A
9| 7.046 |6762.5 |6758.1 |0.069| .069 |6719.4 | 6715.0

III.5. Calculation of the length-mean guantities

Average bulk fluid temperature, T

b

b

T is calculated, as explained in section 3.3.4., by means of the

-
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equation:
5 (3 n o] s s - ]
T = T + T, /18 = T ./9
b T=1 i i=1 i+l {=1 bi
T, = 1202.32°% = 216.176°F.
Average gquality, x
2= (Fx ;
X = x, + X /18 T ./9
i=1i 1=1 i+l i=1 bi
x = 0.08677.
Overall temperature driving feorce, A"i"ov
— — o o 0,
AT = T -T = 147.8 - 102.32°C = 45.48°C = Bl.86 F
ov s b
Length-mean heat flux, g
- _ 9 74973.57 BTU/hr BTU °*
q A 1.39 £t 53938 5o

Computer value: 53928 BTU/(hr £t?)

Length mean overall heat transfer coefficient, U

= _ g _ 53938 _ BTU
5= - = siee - 65895 reeE

hr ft*°F

Film heat transfer coefficient for condensing steam, h

8

- - BTU
hs = 3826 - 0.0l q = 3286.62 I £0°F

e
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Thermal conductivity of the test section material, l-cs

_ (T, +T.) BTU .
ks = 9,15 + 0.0066 ——— = 9.9753 hr £t°F
Length-mean two-phase heat transfer coefficient, E’I‘P
- - 1
hTP ‘ZL - 0.00502 _ ©0.87095 .
] k ] .
s s ‘
\\
= 1 BTU '
Brp 1 _ 0.00502 0.87095 1334.35 v s0OF
658.905 9,.9753 3286.62
. The computer value of h__ is 1333.7 ﬂo—
hTP hr ££2°F
Liguid-phase heat tran‘sfer coefficient, ﬁh
- ooz ' (taask) 08(“)04 |
D 1TD11L ‘
D = 0.07266 ft g’
= 0.3717 + 0.0001015 T, —tto= , after equation I.1.9. "
ky * ) "'hr £f£°F ' ' Lo
Appendix I. s‘
BTU .
S R il | \
(L -x) = 0.9132 .
W = 431.084 1lb/hr
My = 1.5171 - 0.00397 ‘I" {after equation I.l.7.)
1b
M = 0,65892 It br
AW = X) . 10469.12 = Re

D, L
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0.8

(after equation I.1l.10).

ReL = 16344,1
PrL = —iz— = 3,965 - 0.,01053 Tb
0.4
PrL = 1.688; PrL = 1.23296
= BTU
A A T A
Computer value of h, = 252.6 ——EEELtr-
hL hr ££2 ° F
Heat transfer ratio, ETP/EL
b 1334.35
BL T 252.6 5.282
Lockhart-Martinelli parameter, 1/Xtt
-}_ _ ( ; )0.9 (D_L.)O.S(ili)o.l
xtt l -x pg uL
x \0-9 0.08677 )0'9 0.12023
1-% 1-0.08677 *

65.432 =~ {0.02564) 'T'b

©
o
i

0.12429 + (0.000762) ":Eb

©
'}

1.5171 - {0.00397) E’b

)~
r
]

S

=
"

H. Oil
-3 = 0,732617
He

0.01944 + (4.583 x 10 ) Eb =

59.71 1b/ft?

0.04042 1b/ft?

0.65892 1b/(ft hr)

0.02935 1b/(ft hr)

—
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L= 3385
tt

(Computer value = 3.387)

—

Film temperature difference, AEE

= _ q 53938 _ o
A, o 1334.35 40.42°F

\.
Dimensionless reciprocal of the film temperature difference, EL/ATE '

=y Q.
Tb 216.176°F

676.176°R
E11:. 676.176 )
BT, " “w.4z 16.73

{Computer value = 16.71)

Homogeneous Froude number, Fr

1 W 2 (;E (1 - ;))3 | J
Fr = — [} (X A2 7 %
£ (AO) g P

L
- - il 2
= 356.984 (’—‘-— + -‘l—x’)
og pL
E ,1-%7)_ fo.08677 . o.o132) _
2 o 0.04042 59.71)

Fr = 1668.62

(Computer value = 1672.2)

Liquid phase Froude number, FEL

2 - w2 A
Fr, = i(Ai) (1 ") = 0.0834
9\ Py, -

{Computer value

= 0.083)
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Vapour phase Froude number, Fr

-y
— a2
Fr = -1—(3‘1) (—’5-) = 1645111
g = 9, \A ) {pg

{Computer value

.
[

= 1648.7)

{
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Aggendix Iv

Correlation Technique

The method of linear regression with several variables described

in reference V1 was used in the correlation of two~phase heat transfer

coefficients.

Y

The regression formulas are not restricted to variables having a
dependent-independent relationship, but merely describe in mathematical

terms the nature of the relation betwéen the variables,

Correlations of the form:

(IV.1)
n

will be considered, where ¥ is a dimensionless form of the two phase

* heat transfer coefficient and xl,‘xz, ccseey xn are dimensionless

"independent" variables. Taking logarithms of equation IV.l:

lnY=£nA+1_ol£nxl+b2'£n?:2+..... +bu£nxn

(IV.2)
Definings: -
a = £fna
b4 = ,en Y v
X, = £n X, .
x2 = £fn x2
x, = Zn X
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a, bl' bz, sesee bn are the regression coefficients which are
determined from experimental values of y, Xyr Eor evene X oo Once these
coefficients have been determined, predicted values of y can be cal-
culated, and these will be denoted as §. The correlating equation will

have the form:

Yy = a+b x) +b,x,

+ tasee + bn X { " {Iv.4)
‘\
The degree of fit of a multiple linear regression can be measured
by the sum of squares of deviation of the experimental values of y from

the predicted values, §:

N
s= 2, -9 (1v.5)
i=1 !

+
1)

where N is the number of data points used in the determination of the !

regression coefficlients, Alternatively, equation IV.5 can be written

as: ;

N
= - - - - - 2 1
s E (Yi a blxli b2x21 coveas bnxn:l.) g
In order to obtain the coefficients, S must be minimized. S is '
differentiated with respect to each of the constants and each derivative

is equated to zero. For the particular case of three independent

variables:
N .
%2- a2 Wma-bimy = byxy, = byxy) = O '
i=1

N

N N N
Z Y; = Na+ b Z X4+ hzz Xo4 +'b3z: Xy (IV.G).

i=1 i=1 i-1 i=1

+
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N ;
25 ‘5 [

= 2 iy, ~a=bx., ~b.x
3b, o LY 111

221 = Pyxyy) (""11’]

N N N N N
1Z=:1 1Y = ai_zl X110+ by E : +b 12:1 "11 21 ¥ Py 1%. *11%31 (1v.7)
. Similarly:
N N
1=Zl ¥yg¥3 = aé{ﬂ + by Z %1% ¥ ?——-_1 xzi + by g—; Xy4%¥3y (TV.8)
l\
N N
fi__lxaiy =x + b Zx3i li+b Z Xa3Xpg * sz x3§ (Iv.9)
From IV.6
a=y - lol§l - byx, = byx, . (IV.10)'
where §, X.p X, X

1¢ Xpr X5 are the average values of the form variables and
are given by:

'
N N N N la
P > x 2 =x 2 x
i 1i 21 31
- - =] ; - i=1 - - i=] - - i=1 (IV.11)
Y N % N’ *2 N ' *3 N .
The constants a, bl' b2 an@ b3

\
can be obtained by solving the system of
equations IV.7 to IV.10.

If equation IV.10 is combined with equations IV.7, IV.8 and IV.9,

the constant a is eliminated and the following equations are obtained:

b Z (x)37%,)* + b, Z 4 %,) (Xy;=%,) + by Z (%3 =%p) (%3=X3) =
iy =1
N

Z (x,,=%,) (¥, =)
o 217 %97 \Yy

(Iv.12)
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N N N
-- -— -— : ~-
b]_ iZ=1 (x2j. xz) (xli xl) + 1:»2 E. (x21 xz) + h3 Z (x2i xz) (x

-x.) =
= 31773
N
= D (%X ,) (y,=¥) (IV.13)
i=1 )
N N N
— — . - — _— 42
b > (x33-%4) (x),-%)) + b, 2 (x357%3) (%54 =%y} + b, )2 (x34=%5)
i=1 i=] i=1 \
N ? ) ) ' \
= Z ("31"’-‘3) (yi-s-r) ' (IV.14)
i=1 : o
where
- 2 -
(x -x)’==Zx - X Zx = SQx1 .
o oun yr = S e £ . B \
‘ ) 1
N N N o : ‘.
- -— N - 1 o ! §
Z (x5 ~%,)% = Z xzf - X, Z Xp4 = ':SQXZWL '
i=1 i=1 i=1 ' ‘ i
N N N :
i=1 i=1 i=1
(x,,~%.) (y,~y) = X, ¥, = ¥ x,, = Q¥Xl \
rpcii S Nt gt o :‘
N N N \\¥
i=1 i=1 i=),

i N
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N N N N

iz__l () 4 =%;) (xpy=x,) = 12-1 X)4 %5 " Xy 2;1 Xp1 = 212

N N N

ig; (g4 =%p) faegy =) = i_; X)i%3y " %y :LZ=1 X3p = 913

N " N N
g_l ()4 =%p) (34 =%3) = 1Z=1 %p1%35 = ¥ igl Xy = Q23 N

The system of equations IV.1l - IV.14 is solved for bl' b, and b

giving the equations:

b = ovx1{sox2 x sox3 - (023)] '
1 )

. owx3[012 x 023 - 013 x sox2]
D

_ovaalo13 x 023 - 012 x sox3)

b, D

, srxalo12 x 013~ 023 x soxi)
' D

b = ovxilo12 x 023 — 013 x spx2]
3 )

. oex3asox1 x ﬁsz - (912)2]

where:

2

ovx2(g23 x QL3 - 912 x soxa) |

3'

(IV.15)

4+ Q¥x2 [sggl xDsgzxa - (g13)’] +

(Iv.16)

. rx2{o13 x oLz - 023 x sox1] ;

(IV.17)

D = SQX1 x SQX2 x SQX3 + 2 x Q12 x Q23 x Q13 - SQX1(Q23)? -

5Q%2(Q13)* ~ 5Q0X3(Q12)?

a=sy- blx‘1 - b2x2 - b3x3

(Iv.18)

(Iv.19)
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The use of these equations is illustrated with an examplé:

Example: The local two~phase heat transfer coefficients were correlated

with 3 variables by a relationship of the form:

L4 r -
h X ATf L

A total of 473 data points were considered., For eachof the da%a

points;
v, = & (52);  i=1, w413 -
I,
Ln (1 |
xli = n "i_)i i= l' AN ] 473 .
tt
T
X = (), i=1, ..., 473
£
Xy = & Fr . i=1, ..., 473 ‘ ) L

The following parametexrs of the data were determined:

675.43612

P

473
414.87699 e

M
[
[l

it

1=1

t

473

1447.10981"
i=1



b) Average:

y =

X1
]

1

"
(9]
[

1

220

=700.76646

1,42798

0.877118
3.059428

=1.481535

¢} Sum of squ'ares=

473

2
g;; 14

473

%;; xzi

473

5:: xsi

.i=1

578.09867

4459.07187

I

1659.95373

d) Sum of products

473

i=1

473

2_ x

i=1l

473

>
=1 3

211

i¥y

:Er X3Y; = 713.61969

2032, 34540

= =1206,95847



221 , 1

473 - .
j{: X3 %o = 1219,31539

i=]1

473

>

[]
X..X ~2037.19084 < b
i=1 21731 )

473

>

X
i=1

- . 1Y ~
11%31 920,80568 \
With these results, the parameters in equations IV.15 to IV.18 can be

calculated:

SQX1 = 214.2026

SQX2 = 31.7436

SQX3 = 621,7437

QYX1 = 121.1823

QYX2 = - -34.1033

QVX3 = -206.2756

Q12 = =~49.9712 ' ) - -
Q23 = 106.7542 .

Q13 = =306.1505
The correlating equation will have the forms:

¥Yy=a+ blxl + b2x2 + b3x3

Using equations IV.1l5 to IV.19 with the values of the parametérs already

determined, the following constants are obtained:

b, = 0.30749

b, = 0.,18697

a = 0.763475
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The correlation is therefore written as:

&(—hlffl) = 0.763475 + 0.30749 £n (x—i:) + 0.0385 In {;Ti) -

- 0,18697 £n Fr

L
or o
hTP . 1 Q. 3075 Tb 0.0385 -0.187
—_— = 2,146 " B FrL
by, tt £

>

{IV.20)
\

\

\

4

—
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