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initial condition a situation of equi[ibrium, the main quantities necessary
for a Fu“y macroscopic description of the system are the total pressure
(lrop, the gaseous and quuid p]’iase distribution, the ve[ocity profiles.

Other quantities which are to be determined are the film thickness
and the liquid and gas film flowrate. The entrained quuid flowrate and
the core gas flowrate can then be obtained from these latter by using some
balance equations.

An equation relating the liquid film thickness to the physical and
geometrical parameters of the system is obtained. By sol\'ing this equation
the film thickness, the [iquid and dgas film flowrates are calculated. The
results are compared with some experimental data at different conditions.

initial condition a situation of equilibrium, the main quantities necessary
for a fu“y macroscopic clescription of the system arc the total pressure
clrop, the gaseous and liquid phase distribution, the velocity profiles.

Other quantities which are to be determined are the film thickness
and the liquid and gas film flowrate. The entrained liquid flowrate and
the core gas flowrate can then be obtained from these latter by using some
balance equations.

An equation relating the ]iquid film thickness to the physical and
geometrical parameters of the system is obtained. By so[ving this equation
the film thickness, the liquid and gas film flowrates are calculated. The
results are compared with some experimenta[ data at different conditions.

initial condition a situation of equilil)rium, the main quantities necessary
for a fu“y macroscopic clescription of the system are the total pressure
clrop. the gaseous and liquid phasc distribution, the ve[ocity profiles.

Other quantities which are to be determined are the film thickness
and the liquid and gas film flowrate. The entrained liquid flowrate and
the core gas flowrate can then be obtained from these latter by using some
balance equations.

An cquation relating the liquid film thickness to the p]’iysica[ and
geometrical parameters of the system is obtained. By solving this equation
the film thickness, the liquid and gas film flowrates are calculated. The
results are compared with some experimental data at different conditions.



EUR 3765 e

EUROPEAN ATOMIC ENERGY COMMUNITY - EURATOM

STUDIES ON FILM THICKNESS AND VELOCITY DISTRIBUTION
OF TWO-PHASE ANNULAR FLOW

by

L. BIASI*, G.C. CLERICI*, R. SALA** and A. TOZZI*

*ARS S.p.A. and «lstituto di Scienze Fisiche», University of Milan
**ARS S.p.A.

1968

EURATOM/US Agreement for Cooperation

EURAEC Report No. 1950 prepared by ARS S.p.A.
Applicazioni e Ricerche Scientifiche, Milan - Iltaly

Euratom Contract No. 106-66-12 TEEI



SUMMARY

This report contains a theoretical study on the ﬂuidodynamics of
a two-phase annular dispersec{ flow in adiabatic conditions. Assuming as
initial condition a situation of equilibrium, the main quantitiess necessary
for a fu“y macroscopic description of the system are the total pressure
drop, the gaseous and liquid phase distribution, the velocity profiles.

Other quantities which are to be determined are the film thickness
and the [iquid and gas film flowrate. The entrained liquid flowrate and
the core gas flowrate can then be obtained from these latter by using some
balance equations.

An equation re[ating the liquid film thickness to the physical and
geometrical parameters of the system is obtained. By solving this equation
the film thickness, the liquid and gas film flowrates are calculated. The
results are compared with some experimenta] data at different conditions.
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STUDIES ON FILM THICKNESS AND VELOCITY ,
DISTRIBUTION OF TWO-PHASE ANNULAR FLOw '*

INTRODUCTION

This report contains a theoretical study on the fluidodynamics

of a two-phase annular dispersed flow in adiabatic conditions.

Assuming as initial condition a situation of equilibrium, the
main quantities necessary for a fully macroscopic description
of the system are the total pressure drop, the gaseous and 1li-
quid phase distribution, the velocity profiles., If the flow
field is subdivided into two region "film" and "core", accor-
ding to a usual representation, the other quantities which are
to be determined are the film thickness and the liquid and dgas
film flowrate. Then the entrained liquid flowrate and the core
gas flowrate can be obtained from these latter by using some
balance equations. The entrainment and diffusion liquid dro-
plet velocities are also necessary but only for the descrip-
tion of non equilibrium conditions

The knowledge of tne equilibrium conditions here analyzed may
be a useful step for this determination.

An analytical solution of two-phase annular flow with liquid
entrainment has been previously presented by S. Levy.l/ By
assuming the knowledge of the total pressure drop for unit
length, Levy builds up a quantity F depending on the film
thickness only.

The relation between the function F and the film thickness 1is
obtained by some plots correlating experimental measurements
performed at CISE. Actually a fully analytical description of
this type of flow though referred to time averaged quantities
is exceedingly difficult. For this reason a similar approach
was followed in the present work. The basic assumption is the
knowledge of the total pressure drop together with the average
void fraotion® .

(+)

Manuscript received on January 12, 1968,




They are two well-studied quantities and several empirical
correlations givetheir value with good accuracy. Under the-

so two assumptions, an equation relating the liquid film
thickness to the »hysical and geometrical parameters oOf the
system is obtained. By solving this equation the film thick-
ness, tne 1liquid and gas film flowrates are then calculated.
The resultsare compared with some experimental data at diffe-

rent conditions.



1 - DESCRIPTION OF THE MODEL

The model here presented is based on a subdivision of
the flow field into two regions:an annulus around the solid
valls of the duct (film) and a central zone (core). Both
phases are assumed to be present everywhere,The film is
further subdivided into a laminar sublayer and a turbulent
region, In single phase systems there exists also a buffer
zone where the dynamic and eddy viscosity are comparable
On the pther hand in two-phase systems the inass transfer
between film and core can reduce the extension of this tran-
sition region,Therefore it can be reasonable to negieet it
when tne film thickness 1s much smaller then the duct radius.
The core is assumed to be completely turbulent. It is also
stated that the motion conditions in the film are mainly af-
fectad by the physical properties of the liquid phase, whilst
in the core by those of the gaseous phase. Thus, instead of
establishing an actual separation of the phases, a separation
is postulated in the motion conditions between the two regions.
The velocity distribution in the turbulent region is obtained
by using Von Karman assumption on the mixing length and taking
into account the uctual shear stress distribution. The inte-
gration constants are calculated by liatching the velocities
and their derivatives at the boundary between the lasinar
sublayer and the turbulent region, and at the fili-core inter-
face, Pruandtl's universal velocity distribution was also tested
for the core region. In both cases tne value of the mixing
lengkh constant was modified as suggested by the experimental
resul.s obtecined at CISE. A single expression of the local
void fraction® as a function of the film t.uickness is intro-
duced. A set of equations 1s then derived which leads to the
determination of the film thickness and partial mass flow-

rates,



2 = DISTRIBUTION OF THE LIQUID AND GASEQUS PHASE.

The experimental results show that the void fraction &
is a function of the distance from the duct wall. As a first
approximation for the void fraction & a linear trend has been

#at

assumed starting from zero at the wall up to a value o
the film-core interface. In the core it is assumed to have a
constant value equal to u’. Denoting by R the duct radius, &
the film thickness, b the core radius and y the spatial coor-

dinate, it is

* R-Y b=ys<R
x—" & !
\“' OQSSb

as shown in fig. 1

(1)

If& is the average value of @ , the relation between u. and

-y

&K is
b - R
2 » # R-Y
(2) ‘n’Rﬂz‘n’JN dy+ 7wl R-J ud
ydy =2 ydy
@ b .
which gives
1 =
. R«
(3) of= o wn
b+ A(ba)3)

Thus, the film and core densityr

and x are given by
¢

-y -
@) f= g (4-«" RA )H: o R"’

3) P=fP(4-u")spo"

where P

andf are the 1iquid and gas density.
(8 % '
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3 - FILM VELOCITY DISTRILUTION

Since the ratio between the film thickness and the duct
radius is usually very small, the cylindrical geometry of
fig. 2 is substituted with the plane geometry of fig. 3 in
the calculation of the film velocity profile. The validity
of this approximation is examined in the appendix. Assuming

in the film
(6) T=KYy+K,

the constantK‘, usually equal to zero for single phase sy-
stems, is now determined by matching the shear stresses at

the film-core boundary. T, and T
stress at the wall and at y=b, they are given by

being the values of the shear

7= {$E- eEru-g]} 3

(8) 1:':{%-3,:}%

Equation (6) can be rewritten as

- ' y-b
(9) T- (T‘-T‘) *T‘
a
dp . . .
where'==-1s the total pressure drop per unit length and g is

the gravitational constant. Following Von Karman, the shear

stressY is connected with the velocity profile by

2 (Ju-/Jv)“
(10) T= 9X (Fufag):
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By introducing the dimensionless variables

+ _ g - b
R _'(4'7“.')"27; * 3»

(12) u'.":x V_L w
To
and by using eq. (9) one has

dw' _

(13) —— 2 -

4
d‘j 32”“’ + Cy4

The costantciis obtain&d by matching the turbulent region

with the laminar sublayer of thickness ‘..:hfl‘xllf.' ,aql..‘flll,.;r .

With the usual dssumptions(see for instance reference 3):

da 4 dw
i) 8 ¢« R ii) ==& o ==
. . z.z‘dﬁu dy ‘: h dy 5
1i1) T(6.)=T,= X JL.;.;.'.‘.
and the additional one
L b %
iiii) - (4 - -E) £<€ 4

it ist;zl. The sing minus of eq. (13) was taken because the
velocity must decrease with y. Integrating eg. (13) and in-

troducing the original variables, it is (for b¢ Hs R- 8._ )

(14) W= -‘i- F;':{h 'l- W-A.)(‘j-t)/dfa. + {(‘-&b-h)lln. }-t C.

with A:‘l;ﬁ‘ .In the laminar sublayer R-‘L& "j& R the expres-

sion of the velocity W is:
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To
(1) W= ""“,‘ (R — '5) + = (R ‘))N—(R )

By equating egs. (14) and (15) at Y=R-§ ,Eqbecomes:

(16) €q= "F‘--Al _;;{& 4-V4+p-4).é‘= I *VMH)% }

As it seems reasonable to think that jaminar sublayer is

affected only by the liquid physical properties, whilst the
gas affects the film turbulent region through a density varia-
tion, it is possible to set in eqs. (10) (14) (15) and (16)
’,’k;s‘, A4 r;’gi.iis the average value of the film den-
sity, obtained by averaging eq. (4):

) R-3/3-A
2R-A

With these substitutions the velocity profiles in the film

01 = peu’(f-4

become:

(18) u-_g_(g.g) o R-§ cysR

(19) I Z 1- V(T-am-ula +4
A {h "V‘o((-as:;A—- ) h(“‘”",‘

+ VA-«) (s-L)IAM } bsys RS,

In the above equations the onlyunknown quantity is the film

thickness 8 (provided that the pressure drop and the average

-
void fraction & are known).
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4 — AVERAGE FILM VELOCITY

The average value of the film velocity is obtained by

integrating eqs. (18) and (19) over the film flow section

(20)

-5
Q.- _“%Lr{ KL‘;&Q.,J, ;.c‘f ydy +
[ bl ooz ] o]

= E={AcAeA}

ﬂ‘ and A’_ can be easily calculated:

(=) Az fad (R- ‘..4._‘:_)[\; B&R

Wvhen &%4, introducing the new variable t;-%b_’ A, becomes:

(23) “,:ﬁ-f%{‘tfﬁqm"l‘“ u[i.lﬁg: ol dt
+A’[-t -tra dt +Ab[§%:)-t: dt }

= -;- F?{ A’I‘é AV, . l’ln lbt..}
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Putting ¥X= %-‘)t*‘ ~4and ZaXe4 , one obtains:
. Van-0F -4
L= gt impenal[”
a2 .4
L= 251 (£+) t...-(;‘u)}l g

L= “—’;}{'}t%’,} :‘ ‘ |

=
b= Tl%i {%}lﬁ?

In the case a1, I, and I have the same expression, whilst

3 4
4-‘“(. q

and 1 o become:

I;_- f’ qz{(-fol'- %t‘n-u)hx-(-; li'-‘x‘u.u)}

y-fa.

n._.-ﬁ{(x.g,mg.,}l* -

A6
vhere Y= LJ@-‘)'&M

The separation betweeen the two cases@r»4 and a¢4 1s due to the
presence of the modulus in ﬂ’ . The case a=1 1s a trivial one

in whichf,‘;:f‘ and the solution can be obtained directly by
eq. (9)
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5 - LIQUID AND GAS FILM FLOWRATL

Neglecting the variation of the void fraction in the laminar

sublayer, the liquid film-flowrate is given by

r -aﬂﬁ{ffft‘l,g‘s‘,c ‘[::-.‘._g.;_!),dy
4.1,};?[

= AN y'_{n,m,.m,}

6-1)’59*1 -4j+

-;)-'-;-!4&](4- “’36:2) ydy }

(2 Ay {RO-8)- LB AR e £ or BB b

(26) A5= (q_q") A,;- V-_— {A (I5+1)+ “M)(I,-tl',)}

In the case a4

I,"‘ oy {[ 135 £4 x"+ux’+ LB#’N-R-‘) X]“"

ha)ts . 4
E‘ 2 5 “x"+ ""“’A’i- f_‘._‘: x‘q-«-q)'x]}

a-3

Atln-4

s

Ve
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wvhilst in the case Q¢4 1’ becomes

I -- ﬁ{(—f«-f-?xk !,Lu'. 9_‘;:9.‘x"+x4a‘x - ux)hx -
s

-(_’.!‘.‘4.?-?:‘4- !’BA’- ﬁ{:‘-‘xﬂ(kd‘x)
Ya

In the same way the gas film flowrate {; is given by

(27) );-_-11@ Cg'“[%(“#)‘él*{l%_'

[B@eng1)ea b(leLu L) |

The integration limits have not been explicitely substituted
in the above expressions since the solution requires a digi-
tal computer, The approximate expressions obtained through
expansion in series are still too complex to be analytically
treated owing to the presence of (4~&) and (4= which can
be of the same order as[»ﬂk.
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6 -~ CORE VELOCITY DISTRIBUTION

The shear stress in the core is obtainec by eq. (6) with

K‘s% and Kmo:

(28) T _Tl.b,_

Substituting eq.(28) in eq. (10) and integrating it twice,

one has:

(29) u:—; V-%-r‘—{ln(t:-}/% )+V-9r }+¢; p5Ysh

#ith the following assumptions
a) The core velocity distribution W, is affected only by the

gaseous phase density

b) The presence of dispersed liquid reduces the mixing lengtn
only through a lessening in the numerical value of the con-
stant X

the core velocity profile becomes

(30) u.‘-.--;—‘ E{h(c:-/;‘-) +f-%—.}+c',

where x‘is the new value of the constantx taken equal to V.27
according to some experimental resultsg( The two constants
Q:and c; can be determined by matching the velocities at the
film-core interface and by giving the local core slip ratio
between the two phases. Since there are no information about
the value of the slip ratio, the latter condition is replaced
by the cssumption that the ratio of the velocity derivatives

at the interface is equal to a function K depending only on
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the physical properties of the two phases:

() L. _duy = K

d.‘jg dﬂ‘o

By eq. (10) it is

TR L CT LT o B [T T
T ()= = &7* (d"u,ldg")" ‘: Se % (d‘u‘ldq")"' .

and by eq. (29) and (31)

(32)

2
(33) '(1:: .__SEZE___

.
?q, 1‘
On the basis of these two conditions one has

Afa
Rfa+b

(35) C'::’c'_‘.".;.‘ T'[&_‘.:E__ - Ha-9)3% 4 _d ale -1
VSNY A QY rwx S i )a .z‘E{:

Condition (31) can be replaced by stating the equality of the

(3¢) C,= 4+

densities, velocities and costantsx' xc at the film-core
interface. This condition seems to be reasonable as a local

one even though the film density is approximated by its average
valueg . It corresponds to the physical idea that all quanti-
ties must be continuous.

The core velocity distribution was also tested with Prandtl's

universal distribution:
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A A R
W=l —— e In
(36) = SmT T F‘. R-Y

In this case there is only a constant, LL.., which can be

obtained by matching like before the velocities at the

film-core interface,

G W= ’I‘E&‘_R_‘_‘l;&._‘_

m }'2 fq A M

4 lo
21§
L IS
‘I*("‘)z
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7 - LIQUID AND GAS CORE FLOWRATE

The mean value of the core velocity is obtained by inte-

grating eg. (30) on the core section:

b b
(38) E°=%j uc‘jd'j= CL"';— Te J{h(c‘-’;) .,.V-%_j:’dy
c °

S

(]
Satting X= C'.- -%-
b ¢-1
! 2 S | I 3 ) l,
J 3&((1-Vq/1,)d5: b ' (x -3¢, X 13¢,x-¢ )&xdx =
o “

’ ‘ '3

“’z{qq ac _ ,-1)(c, f(,‘fc:-ll)a‘(c"_'/ _ 108¥ 1 8¢ 316540043
[ 4 48

and finally

— R ' , g N3 8 0
(39) u‘= C’l....‘.. I {£+ C;"-“‘,f(('-')(C’if;‘fc;f')&(q:-‘)_ 40€, 4214 660 486 ¢ 3
I g ‘5 4

The gas flowrate in tie core ];’c can be written

(40) &-’-A G

« c Sq

] . .
where A“:TI'B ® is the section of the core filled up with
the gas. The liquid flowrate can be obtained by the balance
equation on the total liquid flowrate Ej :

(41) T ory

ke L (3
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In the case of Prandtl's universal distribution eqs. (40)

and (41) are still valid whilst the average core velocity

becomes:
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8 - FILM THICKNESS CALCULATION

The £ilm thickness can be calculated through a balance

equation of the gas flowrate

(43) ):-T‘ +r

T G &C

As ’: is equal to T‘x, wvhere r‘ is the total mass flowrate
and X the quality, by introducing in eq. (43) the expras-
sion of ’;‘ and ’:‘ given by egs. (27) and (40), it is

’ ’ , . A
(44) "14438}‘“‘“’&{‘&‘%:’% [%*‘;.""-:‘(9"){‘; +<4 XL ‘) 8 (c, - ‘)

doc s ac’s Cdz-o- by +3
2

The f£ilm thickness A 1is now the only unknown of eq. (k).
This equation is too complex to be analytically solved and
for this reason bhe calculation of ;A has been programmed

on a digital computer.
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9 - MODEL PREDICTIONS AND COMPARISON WITH EXPERIMENTAL

RESULTS

The model predictions have been compared with a set of expe-
rimental results.

The data taken into account are mainly related to film thick-
ness measurements, since only a few data about Zilm flowrate

or entrained liquid are available at present. The comparisons
have been performed for water-inert gas systems and for various
values of the physical and geometrica® paramaters. The input

data required by the computer program are:

©® = liquid surface tension

&,g‘ = liquid and gas density

M. = liquid viscosity
G = total specific mass flowrate
X = quality

R =duct radius

As previously said, the knowledge of the total pressure drop
and the void fraction 1is also required. The programn Cahn
calculate these quantities by using available correlations

or read them as input data.
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10 - COMPARISON WITH CISE DATA

Several film thickness measurements ﬁLé( performed at CISE
laboratories in different times, have been used for testing
the model predictions. The pressure drop and the average
void fraction have been calculated by the following correla-

tions ZLQ/

dy _ou3 ( Y VY p (OO g 088
(45) =¥ B ( ((‘z')

‘z - )“I 0.04

n Alu
41.35 X, A }

G "3
4+ 0.335 T > &

(46) 4-& =(4-xv) 4+

vhere M= 0.4+0.05]

4-Xy = liquid volume flowrate quality

YV = flowrate specific volume of the mixture

Preference was given to the pressure drop calculated by means
of eq.(45) rather than to the measured one in order to avoid
the experimental fluctuations.However both values have been
used for a set of data. As one can see in table 1° the use

of the correlation (45) does not bring about remarkable dif-
ferences in the calculated values of the film thickness. In
the same table thne result obtained by using the distributions
of Von Karman eq. (39) and of Prandtl eq. (42) are also compa-
red. In this case as well the differences are not remarkable,
All the other result are summarized in tables 2° - 6°. In these
tables are reported the measured and predicted film thickness

and the calculated liquid film Fflowrate in addition to the
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Physical paramenters describing the system. Some of the results
are also shown in figs. 4 - 31.

In figs. 4 26 the film thickness values of table 1° are
Plotted as a function of the specific gas flowrate G‘ for
some values of the specific gas flowrate Ci; « Here and in

the following figures the full line joins the experimental
points, whilst the dashed line the predicted ones.

Figs. 7 < 11 show tne data of table 2°, figs. 12 & 15 those

of table 4°, figs. 16 — 18 those of table 5° and figs. 19 & 20
those of table 6°, No data of table 3° are plotted since the
experimental conditions are equal to those of table 5° which
are more recent. As one can see by the diagrams and tables the
model here presented predicts the film thickness trend as a
function of G, X, P and R 1in a correct way. The agreement fails
at the extreme values of X and G. This fact can be better seen
in figs. 21 - 22 where some data of table 2° with the filn
thickness versus G‘ at costant G‘ are plotted.

At very low quality the substitution of the cylindrical geome-
try with the plane one and the matching of the laminar sublayer
with the turbulent region, neglecting the buffer zone, is no
longer justified. On the other hand for very high values of X
the film and laminar sublayer thickness are compdrable and
therefore the assumption :‘ ( 4- ") <¢ { fails.

In the range of validity or the introduced assumption, also

the quantitative agreement seems to be satisfactory. It can

be noted that the experimental measurements define an electri-
cal film thickness, whilst the model predicts a thickness de-
fined by purely fluidodynamics considerations.

As for the 1liquid flowrate a test of the model predictions is
more difficult. In flgs. 23 2 25 the film and entrained 1liquid

flowrate and the ratio //,: are shown as a function or )(
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for  three values of the total flowrate (}":lﬂ{,}}‘,g‘z 9. /u‘.)
The data are related to water-argon mixture at 22 ata, for a
duct with R = 1.25 cm. The trend with @G and X seemns to be
reasonable and under some aspects similar to one experimentally
observed at Harwell in steam-water system 2( Fig, (26) shrys
the velocity profile for the case V=982 9/sc (X=0.35)

as a function of the radial coordinate. Some results reported by
Cravarolpo ilassid are also shown (dashed 1line) in figs. (24) (25)
and (26).

Some further comparisons have been obtained by plotting the
quantity ’:’. /ﬂ’)ﬂ._ versus the dimensionless tnickness A+-_-..
ft.1;fl. In ref.2 1t is suggested that the experimental results

are well correlated by the equation

G _Re ss(a)

TDp.
Fig . 27 is a plot, in a log log chart, of eq. (47) together
vith the lines delimiting £ 10 % variations.
The dcts represent the values predicted by the model for some
values of tuable 5°., For a fully compurison the predictions of
Levy Model and those of Dukler - Hewitt analysis derived from,
reference 2, are also reported. '
As one cau see thne values predicted by these theories are ove-
restimated (40 - 60 %} in comparison with tane experimental
correlation. The prediction of the present model shows a very
good agreement, except for the low region, where, as previously
said,the hypothesis introduced are not completely satisfied.
In the autnors' opinion tne model predictions are best correla-
ted by defining A:;‘-;ﬁ ’ sinc:ﬁ represent tne true mnean
£film density. Since it is always f}< fL , with this definition
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the osredicted values are no longer in agreement with eq. (+7),
as shown in_fig. 28 «~here some data of table 1° are plotted.

&+
The relation between ’:‘/ﬂ’.b}l._ and tne new @§ becomes:

1.2¢ -
48) i - sa(a) a*=2]/r 9
ﬂ".D/l._ Pl- ° f

Figs. 29 & 31 show the data of tables 1°,2°,6° and those cor-
responding to G = 100, 150, 200, gr/cm? sec witn the line of
eq. (48).
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11 - COMPARISON WITH HARWELL DATA

The model predictions have been compared with a set of
measurenents performed at Harwell 19/.
Only some data have been taken into account, because many of
theii are external to the model validity range owing to the low
mass flowrate. The values of the pressure drop and the average
void fraction have been derived from experimental measurements.
This leads to some fluctuations in the D>redicted values as it
can be seen in fig, 32 where the film thickness 1s plotted
versus &, for Clc"_‘,' 3-20 j-/Cl\‘- A& . rhe original report
gives three different film thicknesses obtained by the diffe-
rent measurement techniques. The first one (Fi) was calculated
from the hold up assuming that all the liquid 1s present 1in
the film.
The second one (Fa) wus obtained by the CISE film conductance
method and the third one (ﬁi) by conductance probe method.
In fig. 4 also the values corresponding to F,' and anre
plotted. The model predictions seem to be well inside the strip
defined by the values of F1 and Fl « All the examined data are

reported in table 8°,
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12 - A SIMPLIFIED MODEL

In order to obtain some more simple analytical expres-—
sions to handle, it has also been tried to describe in another
way the film and core velocity distribution. The basic as-

sumptions of the this simplified model are the following:

a) Blasius velocity profile desaribes the filmm velocity, whilst

Prandtl universal profile describes the core velocity.

b) the local void fraction exhibits a parabolic trend in the
£ilm, starting from zero at the duct wall up to a constant
value o(' at the film-core boundary. In the core it is as-

]
sumed as constant and equal to ¢ .
c) The local slip ratio of the film is taken equal to 1

d) It has also been assumed in the core that the dispersed
liquid travels with the gas mean velocity, except for the frac-
tion corresponding to the one filled up with the gas in the
£ilm, which has a velocity equal to the film mean velocity.

According to this, one has in the film:

m
(49) u*-_-U ( R-4 Lsgs?

A/m
o) W =d’( R- U ) bsyseR

where Mt 1s equal to 0.5 and M is a parameter introduced so
as to take into account not only linear distributions. If & is
the mean value of the void fraction, obtaindd, as previously

said, from an existing correlation, “.can be determined by
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the following equation

(51) arR'&= zWLZ'gdj ’ NJ:N'( R;q )". ydy

which gives

R’iuﬂ)(lnﬁ?
(ma1)(2mtd) L2+ 28im umok-nz-foa}

%
(52) A =

with this value oOf 8“, it is now possible to define the film

local density f* and the mean Qdensity f‘
(53) g, =gfa- (252 } % |t
R

(54) 9 = b‘j f;l"" fs{" .‘,4 allu )} '*::-4( 2"*‘)

The core velocity profile is Jiven by

41-

(55) W= Up - Y ot R_ osysh
;r. f‘ R-Y

Egs. (49) and (55) contain two undetermined constants, U

and U” : the former can be obtained by matching thé veloci-
ties at the film-core boundary, the latter by iieans of the

balance equation on gas flowrate ]2:&,{‘ . Thus it is
<

(s6) U=V _ 4 To &_R_
- ¥1 % A

On the other hand, J* E being given by
Gf 7 G
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(57) T 1, (Vn-2 Ve "%)S )"“ (% ) Yoy =

mg,.(vw%{gb%) ,x“..( R & )

¢ S AWMimA 442mem-n
[
» R Ny 22—
(58) ’:‘31 | A .( =z Vg b Y )gdy The & %

y-x R R _
(59) ng{t;k"tpi[“.( uhf-l- uzm-a)&' ' ‘ (‘ -r)l“

Rbs B/{“"‘( s~ TIme) t "'z}

The film thiekness A can be calculated by the 1liquid flowrate
balance equation:

(60) Y (4-X)= Py 2
Now, the liquid film flowrate ,:’ and the core liquid flowrate

f' on the basis of the assumption d, are:

(61) Top= !mj (U, -_ru.&){‘q R-q Alwn n}( 3d‘j

= 1%, (Y- r‘“') {(m*o::) -« ‘:mn-- - = \}

4e2Mmt M-p

(62) ,:c"...' 9L{“'B‘(‘-‘*)- A"} a(,"’ f;. A(,’ a&

where a‘ and E’ are the mean velocity in the core and in the

£ilm respectively, A«& is the film section filled up with the

gas. Their expressions are

6 TV ...|ET‘ 14 R _3__4A
(63) &’h*',. 9,‘(9.0“5 2 ~
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(64)ﬁ,2(v__'_ 'lo_c._k) (ms) b + R
’ T Rl % 8/ (2r-2)(mri)mes)
(65) Ac;= Qﬂ'u*( mR  md )
' Mti Imed
Thus, substituing e:;s. 61 - 65 in eq. (60) one obtaines

[T R Rebimt) ¢/ mR  md
T'(‘I-X)' lﬂ'fu(vm IG{;&‘)A et meZ) - PPy hzml)

(66) . 2
- sfelin)-pral _ ma )]y p(pu-b)eb il 0
in which the only unknown is the film thicknessA. Also

this equation is too complex to be analyticaliy solved and
tnerefore it has been programnmedion a digital computer. The
values of A and of the other quantities depending on it, pre-
dicted by this simplifiea model,are shown in table 8¢ for mslfy,
cnuMns4 « As one can see from this table and from fig. 33, the
qualitative and quantitative agreement between experimental da-
ta and predicted values is satisfaction for a wide range of
values.The model predictions fail for high values of; namely
the trend of8 as a functionof&g at G, constant shows an inversion
of the dependence onGLfar A values corresponding to a line

in which X is v 0.2, wnhilst tne trend for tne other values

of A is correct also in the region of low § .
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APPENDIX

The shear stress % in cylindrical geometry is

C. C
(1) TI’ —|‘-+ ; r
By the conditions T=T, ter rab and T=T, for rzR it is
2
(2) C4-1;_b _ b (‘L‘T:'blﬂ)
R-b/R
T, - % b/R
(3) Cp= 2 22
* R~ /R

thus eq. (1) hecomes

4 Te R~ TeR - T

() T, = bRR(‘-RL:;L) +r 'a-sl’
or also

_ Rfe-b% r*-b , Tb
(5) 1:7‘ - R.a._ T '.L + ".
Tplane being equal to (‘l’,-'l")%-:—bco'lz , eq. (5) can be rewrit-
ten
(6) Ten = pl.nc"AT
where :

r-b (g_)-)(‘f.b-'f;g)

Putting now AT= H(k)-Tvb‘,‘one has
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(7) Tyt = 'r.....{nmr)}

- ab-R _ (r-b)(R-V)
H(") R+ b yir(‘-l)-(‘\-ﬂ);

where

The average value of this function

R
Az — _ab-R ¢ 8 OSmafab-R ¢ ,.1. RS ab
’R—bsﬂ(ﬂdr' -8 &« f-ala-a +R L] ab-R bn R }

As this value is & 40‘“ for a wide range of A viiues che

gupstitution of 1;,' wvith T plune is well justified.
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TAB. T REF. 4 Water-Nitrogen Rk=1.25 cm
¢ | x [De107[A10" [Ac10°]
eq.(32) |weq.32| ¢
e,=277107° g/cm’
-
37.6 0.408 5.65 4,87 4.48 21.8
92.4 0.166 12.9 9.74 10.1 114.33
153 0.101 18.3 ©13.2 18.4 325
62.3 0.643 2.5 2.35 2.39 22.58
117.2 0.342 6.3 3.22 4.54 74.95
178.2 0.225 8.5 5.61 7 16.23
83.2 0.685 1.64 1.76 1.68 19.76
138 0.442 3.56 2.31 2.70 50.81
139 0.305 5.2 2.78 4.17 108
0,= 1.88-107° g[cm’
32.8 0.324 6.05 5.68 4.84 21.39
87.6 0.1721 13.8 12.3 11.2 123.77
113.6 0.094 16.4 15.3 11.2 207.95
148.6 0.0715 18.6 18.9 19.9 346.6
49.8 | 0.553 2.81 2.9 2.82 25.08
104.7 0.264 7.25 4. 31 5.57 91.6
130.7 0.211 8.5 5.69 6.84 133.5
165.7 0.167 9.6 7.91 8.48 197.32
64.3 0.655 1.87 1.75 1.73 18.46
119.2 0.352 4.39 2.90 3.46 64.98
145.5 0.290 5.37 2.98 4.23 93.36
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9=1.0-107% gJem’
G X A10t AT AT T,
eq: (32)]% eq.(32)
28 0.208 7.3 Be22 5.9 22.78
39.8 0.146 9.2 9.3 7.6 37.27
64.8 0.0895 | 12 12.5 10.7 20.19
37.2 0.403 3.25 4.04 3.97 33.63
48.9 0. 307 4.42 4.80 4.93 51.48
3.9 0.203 6.65 6.07 6.50 91.00
45.2 0.510 2.21 2.62 2.48 25.34
571 0.404 3.04 3.3 3.11 38.04
82.1 0.280 +4.98 4. 01 441 72.8
x 4P experimental

dz
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2.77.10—23Ia\’

TAB. II REF. % water-Argon R =1.25 cm ?‘_:
' 2
G X A107 | A 10 M
57.4 0.410 2.99 3.05
45.7 0.515 2.41 2.42
73.7 Q.206 6.4 6.10
48.9 0.310 4.43 4.88 51.022
37.2 0.408 3.47 3.91 33.15
64.4 0.0915 12.9 10.61 90.08
39.65 0.148 . 8.7 7.19 37.72
27.96 0.258 6.65 6.18 30.81
113.9 0.327 4.71 3.71 69.80
58.7 0.625 1.91 1.87 20.36
161.4 0.151 3.34 8.99 209.01
100.8 0.242 7.41 5.94 97.51
45.9 0.330 2.9 2.95 25.62
146.2 0.063 16.9 20.46 352.40
86.2 0.106 13.7 11.76 127.75
31.2 0.295 6.31 4.97 20.80
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2 2

G X | Ag10° | AC10° | I,
145.3 0.29 5 4.21 92.85
119.2 0.354 4.24 3.43 64.38
63.8 0.663 1.74 1.70 17.86
164.8 0.169 9.08 8.37 194.23
150.6 0.185 8.49 7.70 167.26
104.5 0.267 7.01 5.50 90.40
49.3 0.555 2.68 2.82 24.87
147.6 0.072 17.0 19.7 342.4
113.6 0.0935 15.0 14.91 208.47
87.6 0.121 13.6 11.23 123.77
32.6 0.325 6.00 4.82 21.15
188 0.270 5.41 4.65 120.10
127.7 0.401 3.94 3 56.00
72.4 0.705 1.72 1.55 17.08
170.3 0.196 8.43 7.65 176.60
110.1 0.302 6.42 5.02 82.34
55.2 0.600 2.59 2.58 23.51
149.8 0.855 17.2 19.1 332.15
89.7 0.142 12.6 10.66 118.39
34.8 0.405 5.76 4.587 22.95




(8!

TAB. III REP.(&) Water-Argon .ﬁbg 3.63.10°2 g/cm3 R= 1.25 cm
2 2
G X D07 [ A 10 [
185 0.508 2.31 2.02 43.72
171 0.550 2.09 1.81 36.27
160 0.585 1.92 1.67 31.30
152 0.620 1.75 1.53 27.19
145 0.650 1.62 1.44 24.25
138 0.680 1.53 1.35 21.74
132 0.710 1.42 1.28 19.58
128 0.735 1.31 1.21 17.97
122 0.770 1.18 1.13 16.04
119 0.790 1.11 : 1.09 15.05
116 0.810 1.01 1.06 14.19
112 0.840 0.92 1.00 13.00
288 0.285 5.53 4.64 152.11
259 0.317 4,63 4.07 122.10
239 0.343 4.28 3.70 103.46
219 0.375 3.87 3.30 85.59
200 0.407 3.33 3.00 71.66
184 0.440 3.15 2.73 60.39
172 0.472 2.88 2.49 51.73
158 0.513 2.68 2.24 42.93
147 0.550 2.52 2.05 36.65
139 0.580 2.29 1.91 32.45
132 0.615 2.08 1.77 28.32
125 0.645 1.92 1.67 25.40
119 0.680 1.80 1.55 22.43
115 0.705 1.68 1.48 20.61




2 2

G X A10" | Ao 10 P
109 0.740 1.49 1.39 18.39
103 1.760 1.40 1.34 16.31
99.1 0.820 1.12 1.21 14.47
278 0.259 6.43 5.60 178.34
249 0.289 5.80 4.9 143.14
229 0.314 5.10 4.45 120.94
209 0.345 4.64 3.97 99.66
191 0.337 4.20 3.56 82.31
175 0.413 3.9 3.18 68.34
163 0.443 3.51 2.92 58.80
149 0.485 3.37 2.61 48.36
138 0.521 3.02 2.40 41.33
130 0.550 2.85 2.26 36.68
122 0.585 2.55 2.09 31.99
116 0.620 2.28 1.94 28.11
110 0.650 2.14 1.84 25.32
105 0.680 2.04 1.73 22,86
100 0.715 1.83 1.63 20.42
97 0.735 1.66 1.58 19.22
93.6 0.760 1.52 1.52 17.81
89.6 0.800 1.35 1.41 15.90
269 0.234 7.4 6.73 208.15
240 0.263 7.25 5.87 165.78
220 0.285 6.43 5.37 141.08
200 0.313 5.84 4.80 116.33
182 0.345 4.98 4.29 96.13
166 0.378 4.68 3.86 79.76
153 0. 407 4.50 3.54 68.49
139 0.449 4.10 3.16 55.89
129 0.484 3.64 2.90 47.74
121 0.520 3.45 2.65 41.09
113 0.545 3.16 2.55 37.10




2 2

G X AA0° | A10 ”
106 0.580 2.84 2.37 32.52
99.8 0.615 2.55 2.22 28.71
95.4 0.645 2.38 2.10 25.94
90.1 0.680 2.18 1.98 23.17
87.1 0.710 2.00 1.87 21.22
83.7 0.740 1.84 1.77 19.32
79.7 0.770 1.59 1.70 17.85
260 0.207 8.6 8.27 247.31
23 0.235 7.9 7.14 194.85
211 0.257 7.35 6.45 163.78
191 0.286 6.9 5.69 133.23
173 0.132 6.3 5.19 111.72
157 0.345 5.85 4.62 91.67
145 0.375 5.51 4.20 77.79
131 0.416 5.09 3.74 63.16
120 0.448 4.46 3.46 54.28
112 0.480 4.14 3.20 47.21
105 0.510 3.86 3.01 41.68
98.1 0.550 3.44 2.76 35.87
92.1 0.585 3.04 2.58 31.57
87.5 0.615 2.84 2.45 29.04
79.2 0.680 2.34 2.29

75.8 0.710 2.10 2.10

71.8 0.750 1.90 1.96

253 0.186 9.7 9.81 285.53
224 0.213 9.31 8.40 221. 21
204 0.229 8.6 7.80 190.38
184 0.254 8.5 6.94 156.10
166 0.283 8 6.14 129.96
150 0.3M 7.1 5.55 105.39
138 0.339 6.7 5.04 89.14




A 10°

A, 107

113 0.413 5.5 4.08 60.67
105 0.443 5.02 3.79 53.00
97.6 0.477 4.62 3.52 45.52
90.8 0.513 4.08 3.40

84.8 0.550 3.72 3.00

75.1 0.620 2.96 2.96

72.1 0.650 2.72 2.55 25.25
68.7 0.680 2.45 2.44 23.14
247 0.1 10.7 11.15 313.42
219 0.190 10.2 9.97 254.55
198 0.208 9.9 9.03 213.76
178 0.232 9.3 8.00 173.76
160 0.257 8.9 7.14 142.54
144 0.286 8.4 6.35 116.22
132 0.310 7.8 5.83 99.12
120 0.350 6.8 5.10 79.67
108 0.383 6.2 4.67 66.39
99.7 0.417 5.6 4.27

92.2 0.447 5.11 4.00

85.4 0.482 4.66 3.70

79.4 0.519 4.06 3.44 37.42
74.9 0.550 3.77 3.26 33.58
69.6 0.590 3.36 3.05 29.47
66.6 0.620 3.07 2.90 26.97
63.2 0.650 2.85 2.79 24.73

59.2 0.690 2.45 2.65 22.21
24 0.140 12 14.82 395.63
212 0.165 1.7 12.22 298.31
192 0.182 11 10.94 247.56
172 0.203 10.7 9.68 200.91
154 0.226 10.4 8.60 162.99




G | X A A 1] T
S c (F
138 0.250 10 7.71 133.45
126 0.277 9.2 6.83 110.46
112 0.312 8 6.05
101 0.344 7.1 5.50
93.2 0.372 6.4 5.10 63.10
85.7 0.405 5.8 4.69 53.93
78.9 0. 440 5.4 4.33 46,37
72.9 0.476 4.67 4.04 40.28
68.5 0.506 4.32 3.82 36.15
63.2 0.550 3.77 3.55 31.35
60.2 0.580 3.46 3.40 28.71
56.8 0.610 3.21 3.27 26.33
52.7 0.660 2.76 3.06 23.17
238 0.134 13.6 15.76 413.32
209 0.153 12.7 13.56 323.43
189 0.174 12.8 11.65 258.48
169 0.188 12 10.74 217.28
151 0.211 11.5 9.43 174.21
135 0.235 10.7 8.37 140.76
123 0.258 10.1" 7.57 117.68
109 0.292 8.9 6.60
98.7 0.324 8 5.95 76.71
90.2 0.351 7.1 5.51 65.52
82.7 0.383 6.5 5.10 55.81
75.9 0.418 5.9 4.67 47.77
69.9 0.454 5.3 4.34 41.31
65.5 0.484 4.88 4.11 36.97
60.2 0.526 4.17 3.84 32.13
57.2 0.554 3.81 3.69 29.54
53.8 0.590 3.56 3.51 26.76
49.8 0.640 2.98 3.30 23.64




2 2
G X AM0° [ AL 10 [,
234 0.118 14.4 18.72 472.29
205 0.135 14.1 16.04 379.94
185 0.148 13.6 14.44 306.08
165 0.168 12.8 12.44 241.65
147 0.188 12.5 10.92 193.01
130 0.211 12.0 9.57 153.49
119 0.233 11.3 8.50 123.70
105 0.264 10.00 7.47 98.98
93.8| 0.293 9.1 6.70 80.59
86 0.320 8.1 6.13 68.25
78.5| 0.350 7.4 5.63 57.71
71.7| 0.384 6.7 5.17 48.49
65.7] 0.419 6.1 4.80 42.05
61.3] 0.449 5.35 4.53 37.44
56 0.491 4.76 4.23 32.40
53 0.520 4,43 4.06 29.73
49.5| 0.555 3.94 3.90 26.91
45.5| 0.600 3.43 3.71 24.04
230 0.105 16.0 21.85 531.75
201 0.121 15.7 18.52 410.37
181 0.133 15.4 16.5 337.72
161 0.150 14.6 14.35 268.22
143 0.169 13.8 12.43 211.13
127 0.190 13.3 13.52
115 0.210 12.2 9.65 135.62
10 0.239 10.8 8.30 104.05
90.5| 0.267 9.8 7.34 83.20
82.7| 0.293 9 6.67 69.62
75.2| 0.322 8.3 6.07 58.05
68.2| 0.354 7.3 5.56 48.61
62.3| 0.387 6.5 5.15 41.51
57.9] 0.419 6 4.83 36.61




0.216

2 2

G X AS'IO AC1O [;f
52.6 | 0.458 5.15 4.53 31.57
49.6 | 0.486 4.97 4.53 28.93
46.2 | o0.522 4.43 4.17 26.23
42.2 | o.570 3.74 3.98 23.36
227 0.093 17.3 25.61 599.03
188 0.106 17.2 21.92 444.67
178 0.118 16.1 19.30 379.77
158 0.133 15.5 16.64 298.70
140 0.151 15.1 14.20 231.29
124 0.170 14.4 12.23 1179.33
112 0.188 13.2 10.78 144.26
98.1 | 0.215 1.9 9.15 108.19
87.4 | o0.241 1.3 8 84.59
79.6 0.265 10 7.2 "69.56
72.2 0.293 9.2 6.47 57.01
65.3 | 0.323 8.3 5.87 46.93
59.3 | 0.356 7.3 5.38 39.33
54.8 | 0.383 6.5 5.06 34.34
49.5 | o0.424 5.7 4.70 29.25
46.5 | 0.452 5.4 4.52 26.74
43.1 | 0.487 4.93 4.34 24.19
39.1 | 0.538 4.30 4.15 21.64
224 0. 081 19.3 30.61 683.38
195 0.094 18.5 25.64 523.91
175 0.104 17.4 22.63 427.46
155 0.118 17.1 19.26 331.02
137 0.133 16.2 16. 41 254.89
121 0.151 15.6 13.88 193.95
109 0.167 14.5 12.10 153.36
395.3 0.192 12.7 10.4 111.37
84.6 | 11.9 8.61 84.51
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a1
G | X | a0 At I,
74.5 0.238 11.2 7.50 63.96
69.3 0.264 10 6.74 53.69
62.5 0.293 8.9 6.01 43.00
56.4 0.323 8.3 5.43 34.90
52 0.350 7.7 5.05 30.00
46.7 0.390 6.7 4.66 25.09
43.7 0.416 6.1 4.47 22.74
40.3 0.452 5.31 4.30 20.57
36.3 0.502 4.88 4.14 18.50
202 0.072 21 35.4 758.03
193 0.082 20.6 30.5 595.93
173 0.092 18.9 26.4 478.92
153 0.104 18.6 22.48 371.85
135 0.118 17.9 18.9 282.04
119 0.134 16.7 15.75 210.06
107 0.149 15.6 13.48 162.19
92.9 0.171 14.7 10.97 114.00
82.1 0.192 12.7 9.18 82.90
74.3 0.213 12.1 7.9 63.69
66.8 0.237 11.0 6.80 48.25
60 0.263 10.4 5.90 36.71
54 0.293 9.2 5.19 28.63
49.6 0.319 8.4 4.74 23.81
44.3 0.357 7.4 4.3 19.22
41.3 0.383 7.0 4.1 17.22
37.9 0.417 6.2 3.9 15.40
33.9 0.474 5.57 3.86 14.47




TABLE1Y Ref.§ Water-Argon R=1.25 cm p’=3.61 H;)"r‘\-g-/cm3
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— =T
6 | x A10° | AC10°]| T |
34.1 0.47 5.6 3.85 14.45
38.1 0.42 6.2 3.96 15.91
44,5 0.36 7.4 4.34 19.82
5442 0.296 9.2 5.23 29. 31
67 0.209 " 7.03 46.46
84 0.190 12.7 9.42 87.7
107 0.133 15.5 15.2 178.6
135 0.118 16.5 18.9 282.46
173 0.0925 17.4 26.2 476.52
222 0.072 18.8 35.4 758. 34
39.4 0. 540 4.3 4.15 21.86
43.4 0.491 4.93 4.33 24.5
45.8 0.427 5.7 4.7 29.6
59.5 0.358 7.3 537 39.54
72.3 0.235 9.2 6.44 57
87.3 0.242 11.3 7.96 84.25
112.3 0.188 12.2 10.8 144.55
140.3 0.152 13.3 14.1 230
178.3 0.120 15 18.89 373. 31
227.3 0.094 16.1 25.25 592.6
4548 0.605 3.43 3.67 239.67
49.8 0.555 3.94 3.88 27.04
5642 0.492 4.76 4,22 32.44
65.9 0.420 6.1 4.78 42.1
78.7 0. 352 7.4 5.6 57.6
93.7 0.296 8.9 6.63 79.8
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I | 2 | 2
‘; l )( lﬁ“5'1() lﬁ\c' 10 f:,
118.7 0.233 10 8.14 118. 36
146.7 0.189 10.7 10.85 192.14
184.7 0.150 1.7 14.2 301.6
233.7 0.118 13 18.7 472.47
53.1 0.660 2.76 3.05 23.24
57.1 0.614 3.21 3.23 26.14
63.5 0.550 3.77 3.55 31.42
73.2 0.478 4.67 4.00 40.17
86 0.407 5.8 4.65 53.75
10 0. 346 7.35 5.44 73.40
126 0.278 8 6.85 110.30
154 0.227 8e5 8.54 162. 36
192 0.181 9.3 11.02 249.43
241 0.145 11.7 14.1 379.54
65.1 0.723 2.14 2.28 20.60
69.1 0.680 2.45 2.43 23.11
755 0.623 2.96 2.65 27.44
85.2 0.550 3.72 2.95 45.6
98 0.480 4.47 3.47 45.6
113 0.416 5.2 4.03 60
138 0.340 5.9 5.01 89
166 0.283 6.2 6.13 127.1
204 0.230 6.95 7-74 189.47
253 0.186 7.7 9. 81 283.63
84.1 0.738 1.88 1.77 19.76
100.2 0.608 255 2.26 29.43
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| s [ x [as10'|acwe’|
113 0.550 2.90 2.50 36.44
128 0.484 3.38 2.91 47.7
153 0.405 3.96 3.58 69.06
181 0. 342 4.35 4.36 97.50
219 0.283 4.86 5¢45 142.60
268 0.231 5¢45 6.88 212.2
104.1 | 0.790 1.26 1.25 19.73
110.5 0.745 1.49 1.35 18.05
120.2 0.681 1.71 1.54 22.30

| 133 0.616 1.91 1.75 28.20
148 0.555 2.20 2 35.88
173 0.474 2.53 2¢45 51.25
201 0.408 2.93 2.97 71.32
239 0.343 3.39 3.69 103.46
288 0.284 3.34 4.67 153.07
117.1 0.805 0.92 1.06 14.39
123.5 0.770 1.05 1.12 16
133.2 0.716 1.25 1.24 19.07
146 0.650 1.51 1.43 24.23
161 0.590 1.68 1.63 30.63
186 0.510 1.94 1.99 43.30
204 0.466 2.24 2.24 53.36
252 0.377 2.67 2.37 85.95
301 0. 316 3.27 3.73 126
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G X |Ag10°|A10°] T,
149.1 0.854 0.56 0.69 10.95
15545 0.817 0.61 0.75 12.28
16542 0.769 0. 69 0. 82 14.36
178 0.714 0.78 0.95 17.46
193 0.658 0.83 1.05 21.66
218 0.582 1.00 1.27 29.85
246 0.517 1.12 1.52 40433
284 Oe447 1.35 1.88 57.77
194.1 0.887 0.360 0.45 8.55
200.1 0.86 0.377 0.48 9.2
210.2 0.82 04395 0. 51 10.37
223 0.77 0.417 0.58 12.32
238 0.723 0.450 0.65 14.66
263 0.654 0.460 0.77 19.48
291 0.59 0.57 0.92 26.05
329 0.523 0.66 le.12 36.25
222.1 0.9 0.286 0. 36 76.24
228.1 0.877 0.309 0.37 80.75
238.2 0.84 0.314 0.41 89.52
251 0.797 0.325 0.45 10.26
266 0.752 0.343 0.50 12.05
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TABLE ¥ Ref.@ Argon-Water R = 0.75 cm ?’= 3.61 10_2g/cm3
2
G X |As10° |Ac 10 I
38.1 0.42 3.78 3.68 10.7
5442 0.296 5.60 4.60 18.22
107 0.1495 9.20 8.95 67.32
222 0.072 12.40 20.56 264.52
49.9 0.557 2.57 2.71 11.31
66 0.422 3.79 3431 17.9
118.8 0.236 6.60 5.44 48.44
233.8 0.119 8.10
69.1 0.68 1.63 1.64 9.02
15.2 0.552 2.47 2.02 13.4
138 0.34 4.22 3.23 33.4
253 0.186 5.00 5.96 101.54
104.1 0.788 0.87 0.87 6.40
120.2 0.683 1.23 1.04 8.68
173 0.474 1.88 1.62 19.43
288 0.284 2.63 2.95 56. 31




TABLE VI Ref. j§ Water-Argon R=1.25 cm P, =3.61 10-29/0m3
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2 2 1
G X Ai10 Aé10 i
T=16 °C
289 0.283 5.7 4.66 152.2
185 0.443 3.31 2.66 58.66
132 0.614 2.03 1.76 28
103.2 | 0.788 1.32 1.26 15.63
253.9 | 0.185 10.1 9.81 282.6
149.7 | 0.313 7.6 5.46 103
97.7 0.480 4.66 3.46 45
68.8 | 0.680 2.51 2.43 22.75
233.8 | 0.115 14.6 19.23 481
129.7 | o0.210 11.8 9.58 151
77.6 | 0.346 7.25 5.66 56.6
48.8 | o.s50 3.94 3.91 26.35
222.8 | 0.685 21.5 37.2 785.4
118.8 | 0.134 16.8 15.67 207.5
66.8 | 0.237 1.4 6.78 47.6
38.1 | 0.415 6.5 3.91 15.31
T=24 °C
290 0.286 5.35 4.72 160.4
184 0.450 3.19 2.67 61.47
131 0.634 2.08 1.71 28.27
103.2 | 0.805 1.30 1.24 16.06
264 0.216 9.8 7.92 247
234 0.092 14.2 26.8 654
130 0.209 11.8 9.96 16 4




G X tAﬁ.mz Ag'102 r [ee
|

77.9 | 0.349 7.35 5.80 61.34

49.1 | o0.554 3.95 4.01 28.9
223.1 | o.072 21.7 37.01 806
119.1 0.135 16.3 16.06 220

67 0.239 11.0 6.96 52

38.2 0.420 6.3 4.07 17.2

T=30 °C

289 0.287 5.15 4.79 167
186 0. 446 3.06 2.75 66
133 0.620 2.00 1.79 31.52
104.1 0.790 1.20 1.30 17.85
253.4 | o.188 9.0 10.17 309
150.1 | 0.317 6.95 5.65 114.6

98 0.484 4.59 3.58 50.62

69.1 | 0.690 2.50 2.48 25.76
233.2 0.117 13.8 20 525
130 0.209 1.4 10.2 172

77.9 | 0.348 7.15 5.93 64.77

49 0.565 3.92 4.01 30.16
222.1 0.0725 20.9 37.2 820
119.1 0.135 16.1 16.4 230

67 0.240 11.0 7.07 54.48
381 0.424 615 | 4.1 18.37

T=37°%

289 0.288 | 5.10 | 4.87 174
185 0.446 3.13 2.82 69.56
132 0.629 2.03 1.79 32.32
104.1 0.790 1.31 1.32 19
253.3 | o0.186 9.4 328,65
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= |

G X |Ag10° [Ac-10° ] P
150.2 0.314 7.1 5.87 122.33
98 0.480 4.70 3.7 54.45
68.7 0.685 2.54 2.57 27.77
232 0.116 14.3 20.95 553
130 0.208 11.5 10.52 181

78 0.347 7.1 6.09 68.64
49.1 0.550 3.88 4.22 32.77
221.9 0.0720 21.6 39 882
118.9 0.134 16.6 16.94 242

67 0.249 10.7 7.14 57.95
38.2 0.421 6.25 4.23 19.38




TAB VII Ref. 10 Harwvell - Acqua Aria

Rz 4.5%um

G

X

F10

F,-10°

F,-10°

A 10

Qgﬂ .40.10"3 ‘3/&m’

/“'9.43.10-3 9/Cm-SQC

11 0.29 4.67 3.09 3.98 3.53

12 0.27 4.90 3.17 4.11 4.23
-3 -3

Q, =1.50.10 3’/cm3 Me=9.23.107 0 /o coc

13 0.25 5.18 3.32 4.24 4.53

13 0.24 5.38 3.55 4.47 5.58

14 0.22 5.81 3.73 4.62 5.78

15 0.21 5.89 4.26 4.74 5.28

16 0.20 6.09 4.64 4.95 5.05

17 0.19 6.19 4.74 5.05 5.36

17 0.18 6.65 4.95 5.15 5.54

18 0.17 6.68 5.05 5.33 6.47

19 0.17 7.03 5.43 5.43 6.03
-3 -3

20 0.16 7.03 5.58 5.56 7.19

21 0.15 7.29 5.58 5.58 7.91
-3 -2

Q’ =1.70.10770 /3 My =1.06.10 8/cm-sec

13 0.35 3.32 2.56 3.27 4.54

14 0.33 3.42 2.71 3.35 4.61

15 0.32 3.81 2.84 3.42 3.77

16 0.3 4.47 3.10 3.68 3.89

17 0.29 4.52 3.20 3.75 3.82

17 0.27 4.52 3.35 3.83 5.09




2

6 | x | §10°| FR10°| F10*| A _10°

Qg-1.ao.1o'3 g/mg M =9.72.1o’39/m e
18 0.26 4.54 3.40 3.98 5.10
19 0.25 4.57 3.63 4.14 7.08
20 0.24 4.85 3.65 4.21 6.21
21 0.23 5.13 3.78 4.37 5.13
21 0.22 5.33 4.01 4.47 6.40
22 0.21 5.38 4.19 4.70 6.40
23 0.21 5.71 4.36 4.77 5.95
24 0.20 5.89 4.64 4.87 6.09
25 0.19 5.91 5.00 4.92 6.50
26 0.18 6.07 5.38 5.13 7.23

% =1.90.107> § /.3 My 97210704, oo
24 0.20 5.89 4.64 4.87 6.09
25 0.19 5.91 5.00 4.92 6.50
26 0.18 6.07 5.38 5.13 7.23
27 0.18 6.85 5.53 8.23 5.74
28 0.17 6.95 5.84 5.28 7.23
29 0.17 7.13 6.19 5.36 6.86

?’ =2.10.1073 3/‘“3 /U,_ =9.28.1o'35>/w cec

21 0.30 4,55 2.87 3.68 4.94
22 0.29 4.75 3.02 3.73 4.94
23 0.28 4.82 3.05 3.83 4.98
24 0.27 5.02 3.12 3.94 5.05
25 0.26 5.05 3.22 4.04 4.87
25 | 0.25 5.46 3.38 4.14 5.57

?, =2.20.1073 9/,,,,3 o -9.28.10‘3?/“ sec
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X H 2 2 2 2
G F; 10 F;-1() F;-1() zﬁ;c-1()
26 0.24 5.61 3.43 4.26 5.97
27 0.24 5.36 3.32 4.36 5.58
28 0.23 5.56 3.43 4.47 5.83
29 0.22 6.04 3.53 4.52 5.65
30 0.21 6.17 3.76 4.72 6.16
-3 3 -2

Qg-z.zo.w g/m My =1-06.107° 0/ cec
22 0.32 4.44 2.60 3.66 4.44
23 0.31 4.44 2.66 3.78 4.42
24 0.30 4.52 2.79 3.86 4.44

Q? =2.30.10 > Jom? =1.06.10"2 //

: ° . 8 W ﬂ‘ . - g mSec

25 0.29 4.64 2.92 3.96 4.80
25 0.28 4.82 2.97 4.06 5.42
26 0.27 4.92 3.04 4.14 5.38
27 0.26 4097 3'009 40 24 5053
28 0.26 5.23 3.22 4.34 5.02
29 0.25 5.33 3.27 4.47 4.94
29 0.24 5.38 3.40 4.54 5.64

Q =2.40.10"°3 / 3 =1.06.102 /

8 ‘ 3 om /“‘ g)) om sec
30 0.24 5.74 3.27 4.64 5.49
31 0.23 5.89 3.50 4.72 5.48
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2 2
G X A 107 | A10 [
198.1 0.308 4.88 4.12 105.91
137.7 0.442 3.61 2.7 50.80
82.6 0.730 1.58 1.48 17.10
177 0.226 8.26 6.97 160.76
109.8 0.364 6.05 4.26 66.57
61.9 0.645 2.57 2.39 22.44
152.3 0.101 16.7 18.4 322.41
92.2 0.166 12.8 10.14 113.90
37.3 0.410 5.43 4.46 21.52
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TABLE Vi1l Some data of reference b R=1.25 cm r. =3.61 10-2 g/cm
| 6 X A10% [ AL 107 r
S C F

34.1 0.470 5.6 7.80 45.17
38.1 0.420 6.2 9.36 61.62
44.5 0.360 7.4 11.52 86.99
54.2 0.236 9.2 13.97 119.8
67 0.209 11 18.21 167.5
84 0.190 12.7 16.9 167.4
107 0.133 15.5 16.57 149.1
135 0.118 16.5 13.91 117.1
173 0.093 17.4 10.64 55.26
222 0.072 18.8 7.24 =

53.1 0.660 2.76 2.81 14.87

57 .1 0.614 3.21 3.43 22,4
63.5 0.550 3.77 4.40 35.67
73.2 0.478 4.67 5.64 55.37
86 0. 407 5.8 6.99 79.92
101 0.346 7.35 8.25 105.2
126 0.278 8 9.36 130.2
154 0.227 8.5 9.90 142.3
192 0.181 9.3 9.64 132.3
241 0.145 1.7 8.62 100.6
104.1 0.790 1.26 1.12 9.001
110.5 0.745 1.49 1.44 15.4
120.2 0.681 1.71 1.94 26.65
133 0.616 1.31 2.49 40.89
148 0.555 2.20 3.03 56.53
173 0.474 2.53 3.79 79.67
201 0.408 2.93 4.38 98.90
239 0.343 3.39 4.88 115
588 0.284 3.34 5.17 122
194 0.887 0.360 0.38 3.855
200.5 0.860 0.377 0.49 7.25
210.5 0.820 0.395 0.66 13.29
223 0.770 0.417 0.885 22.17
2138 0.723 0.450 1.105 31.97
263 0.654 0.460 1.43 47.69
291 0.590 0.57 1.75 63.81
329 0.523 0.66 2.07 80. 40

3
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