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ABSTRACT

A knowledge of liquid film flow-rates is important for
design purposes when accuragte predictions are required of
the conditions under which "dry out" heat flux occurs in
nuclear-regctors and boileré. Liquid film flow-rates were
measured for a steam-water mixture iﬁ cocurrent, upward,
annular flow in a tube at pressures of 1,000 and 1,200 psia.
Sinters located at the test section exit were used to extract
the liquid film after the method of the Harwell group.

Sinter lengths of 2~, 1~ and 1/2-in. were employed to
investigate the effect of length on the extracted liguid
flow rates. The test section was a stzinless steecl pipe of
inside diameter 0.49% in., approximately 200 diameters in
length. The total mass flux ranged from 0.2 - 0.7 x 100
1bn/hr.ft2 and the quality varied from 0.3 to 0.92.

The experimental film flow-rates were found to increase
with decreasing mass flux and decreasing quality. Film flow-
rates were consistently higher than the thesoretical pre-
dictions using Levy's model with devietions as high as 64%.

Yowever, at the same total mass flux and quality, there was

)

better agrecment with Ievy's model for the 1/2 in. sinter

(Ot

datza. This suggests that the larger sinterc may bes extracti-~

iii
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were also compared with predictions/from Minh's model..

Deviations as large as +200% were obtained.

iv
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I. INTRODUCTION

For a number of years now, the phenomenon of critical
neat flux® or "burnout" associated with two phase systems
has received considerable attention from innumerable in-
vestigators. Although extensive investigations have been
performed, the final answer to the nafure of burnout has not
yet been obtained. One of the important parameters related
to the critical heat flux is the liquid film flow rate at the
wall, This is especiglly true for high quality annular flow
in which "dryout" of the liquid film near the wall leads to
the flow boiling crisis.

The object of the present work was to measure the liquid
film flow rate at elevated pressures by use of a sinter
located at the exit of a test section. The effect of sinter
length, pressure, total mass flﬁx and quality on thevfilm flow
rate was studied. The test section employed was a 3/8 in,

Sch 40, stainless steel pipe (I.D. 0.493 in). The length of
the test section was about 200 diameters, This length is
believed to be sufficient to allow for the distribution of the

liquid in the gas phase and the liquid film to become constant.

*Critical heat flux is defined as the heat flux at which
the rapid deterioration of the cooling process occurs.

1
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Sinter lengths of 2-, 1- and 1/2-inch were used. The
total mass flux was varied from 0.2 to 0.7 x 10° lbm/(hr. £t2)
and steam quality ranged from 0.3 to 0.92. Runs were made at
pressures of 1000 and 1200 psia. However, only limited data
were obtained at a pressure of 1200 psia so that no generalized
effects of pressure on film flow rate can be given at this time.
The experimental liquid film flow rates were compared
with the theoretical models proposed recently by Levy (1) and
Minh (2).
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II. LITERATURE SURVEY

In order to better appreciate the work done here, a brief
review is given of the various aspects of adiabatic, two-phase
flow and the literature already available on this subject.

A. Pilm Plow Rates

Burn-out presents one of the principal limitations in the
¢esign of liquid or wet steam-cooled nuclear reactors, rocket
rozzles and other high-specific—power'equipment.

The measurement of liquid film flow rates is important in
studying the phenomenon of burn-out or departure from nucleate
boiling (DHB). In the past few years, a number of investigators
(3=-12) have studied the problem of burn-out in forced convection
flow in order to gain a better understanding of the burnout
mechanisn. A knowledge of the factors affecting the burnout
mechanism can possibly lead to methods of increasing the
burnout limit. This can result in more economical boliling
water reactors.

There is no certainty as to the dependence of the burnout
heat flux in annular flow on the various system--describing
parameters of a burnout experiment. The available theories
for predicting burnout are based on three models: film dryout

(3, 4, 5), film treask-up (6) and droplet depleticn (7). The

4
L

ot

droplet devnletion model sugzests th
& L DO

[S]

he contrelling
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mechanism for burnout in flowing systems is to be found in

the eddy diffusion--limited transport of liquid droplets
through a steam boundary layer to the heated wall. This
model, however, was found to be inconsistent with experimental
observations (8).

In the models based on film dryout, it is generally
assumed that the 1i§ﬁid film on the wall steadily diminishes
by the net effects of evaporation, entrainment and deposition
until a dry patch occurs and the heater at that point becomes
too hot to be rewetted. The first experiment confirming this
was performed recently by Hewitt (3). Hewitt measured the
cuantity of water flowing on the inner heated tube of an |
annulus, Water was introduced in the form of a thin film
through a porous sinter at the bottom of the heated rod.

The water film was allowed to flow up under the action of
steam which was introduced in the annular gap. The experiment
engbled 2 direct observation of the burnout phenomenon in
annular flow. Measurements of film flow rates showed that

the burnout at high qualities corresponded closely with the
point at which the film flow decreased to zero.

In another experiment by Staniforth (4), the film flow
rate was measured at the end of a uniformly heated round
tube using Freon-12 at 155 psia as the working fluid. In
these experiments, the test section was su?plied with a
liquid phase only to test whether Hewitt's (3) conclusions

apply equally well in such a situation. This experiment

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



also showed that the liquid film flow rate at the tube exit
was reduced nearly to zero as the.bufnout heat flux was
approached. It was not shown conclusively that burnout
coincided with dryout df the liquid film on the heated wall
but the film flow rate at burnout was so small that the
assumption of zero film flow at burnout produces a very small
error (8).

Hewitt (5) performed similar experiments with water as
the working fluid at low.pressures. The liquid film flow
measurenents substantiated the findings of the previous
workers (3, 4) in relation to burnout heat flux and film flow
‘rate. Burnout models based on film dryout énd making use of
film flow rate in one form or another were given by Isbin (9),
Fecker end Persson (10), Grace (11) =and Grace and Isbin (12).

It hss been shown experimentally (8) that if film
instability followed by film break-up is the correct mechanism
of burnout, it occurs at very small film flow rates so that
film dryout and film instebility models could be virtually
indistinguishable. Both models will require for their
numerical evaluation a means of calculating the amount of
liquid flowing on the heated wall =t any point in the channel.
This film flow rate depends on the rate of droplet deposition,
rate of entrainment of liquid from the film into the vapour
core and initigl flow distribution at the onset of annular
flow.

An extensive review of various technicues for measurement
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of liquid film flow rates has been given by.Colliér and
Hewitt (13) in a recent paper. The first attempt to measure
the liquid film flow rate by substituting a porous'sinter
was made by Gill and Hewitt (14). Their results were not very
successful. Since then, a number of workers (3, 4, 5, 15)
have successfully measured the film flow by employing a
sinter in the following manner., The sinter, whose internal
diameter is the‘same as that of the test section, is logated
at the exit of the test section. Care is taken to‘ensure
that the bore is continuous and that there are no ridges at
the various jJjoints. This is felt‘to be essential since such
ridges may disturb the liquid film on the surface. Suction
is then applied on the outside of the sinter to remove the
liquid film flowing along the tube wall. At operating
pressures higher than atmospheric, no suction is required.
In all experiments of this type, each investigator used
a different sinter length. Hewitt (3, 5) chose a sinter
length of 0.5 in, Staniforth (4) employed a 2.5 in sinter
and Cousins (15) used a 3 in length. It is not known if
the length of the sinter had any effect on the measurement
of liquid film flow rates. Too long a sinter may suck off
excessive amount of droplets from the core. On the contrary,
if the sinter is too short, some of the liquid flowing along
the wall may by—paés the sinter. For this reason, effects
of sinter length on the liquid film flow rates have been

investigated in the present report.
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B. Pressure Drop

Since pressure drop is closgij'related to the 1iquid_
film flow rate, experimental data on pressure drop across
the test section were taken. For this reason, a brief réview
of the literature available on this subject is given here.

The total static pressure drop along a test section may
be split into three components--frictional loss, momentum
change and elevation pfessure drop arising from the effect

of the gravitational force field. Thus the total static

pressure drop may be written as

APy _ AP _&P AP
=3, ( A’L)f + ( AL)m + (AL)e (2.1)

1. Frictional Pressure Gradient

A number of correlations are available for estimating
the frictional pressure gradient for two-phase, adiabatic
flow. Two principal correlations are the homogeneous model
(16) and the slip model (20,21),

a. Homogeneous Model

This model presents a solution theoretical
in nature which is not limited to any specific flow problem
or substance. The basic assumptions on which the model is
based are |

(i) The flow is homogeneous and the linear
velocities of gas and liquid are the same.

(ii) Thermodynamic equilibrium is attained

vetween the two phases.
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- (iii) A suitably defined single-phase friction
faétor,can be applied to the two phase flow to estimate the
pressure gradient.

Owens (16) has derived equations for the
calculation of préssure drop based on the homogeneous model.
Frictional pressure gradient is given by the equation

fmp n2 = :
48y - 2fmpcee ¥ - (2.2)
dl’r D ge

The expression for two phase specific
volume,V, for homogeneous flow is written from the equation

of continuity:

<l
[

—'\7 A Wg Vg Wl Vi
W Vp

<l

= V] + X (Vg - Vl) (203)

All the terms in equation (2.2) above
are definable except one, the two phase friction factor.

Owens (16) has suggested that the friction
factor for the single phase liquid flow can be used for the
two phase friction factor. McAdams, Woods and Heroman (17)
have suggested the use of a weighted viscosity in the evalua-
tion of Reynolds number for determination of two-phase
friction factor. The mean viscosity is usually determined

by the relationship

1 _l1-x,x (2.4)
i3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Owens also points'out that one should not
expect his model to be valid fdr flow patterns in which the
phases are completely separated such as occur with
stratified and wave flow in horizontal channels.

The homogeneous model based on the definition
of mean viscosity as given by equation (2.4) yields more
accurate predictions in the high mass velocity ranges (18).
Because of the assumption of equal velocities for both
phases, one would exﬁect this model to be more accurate for
a fog or spray flow pattern occuring at high void fractions,

b. Slip Model

The slip model which has achieved the widest
acceptance and is believed to have the best overall accuracy
(18, 19) is that of Lockhart, Martinelli and Nelson (20, 21).
This model is semi-empirical in approach and derives a
value of pressure drop from a knowledge of overall liquid
and gas flow rates, physical properties and channel di-
mensions alone, independent of the flow patterns.’

| The Lockhart and Martinelli model was sucess-
ively developed in the period 1944-49 (20, 22, 23) from a
series of tests on isothermzl, two-phase, two-component flow
in horizontal tubes gt atmospheric pressure. These investiga-
tions were thus confined to the frictional component, (%%)f,
of the equation (2.1). PFour flow types were defined,
depending on whether the flow would be turbulent or laminar °

- when each phase was considered as flowing alone in the pire.

These flow mechanisms were:
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(i) Flow of both the liquid and the gas may
be turbulent. (turbulent-turbulent flow).

(ii) Flow of the 1iquid'may be &iscous and
flow of gas may be turbulent (viscous-turbulent flow).

(iii)FPlow of the liquid may be turbulent and
flow of the gas may be viscous (turbulent-viscous flow).

(iv) Plow of both the liquid and the gas may
te viscous (viscous-viscous flow).

Turbulent flow is said to exist for each
phase if the Reynolds number for this phase flowing alone in
the tube is greater than 2000. If the Reynolds number is
less than 1000, laminar flow is said to exist. )

The basic postulates upon which this
analysis of pressure drop is based are

(i) Static pressure drop for the liquid phase
must equal the static pressure drop for the gas phase
regardless of the flow pattern as long as an appreciable
radial static pressure difference does not existo

(ii) The volume occupied by the liquid plus
the volume occupied by the gas at any instant must equal the
<“otal volume of the pipe.

Three parameters relating the two phase
to single phase pressure drops, were defined by Lockhart and

Martinelli (20) as follows

_(dB/aL)ypp
(FF/d1),

0 L:le‘f\.')
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Graphical relationships based on the
collected experimental data were presented for the evaluation
of either ¢g or<bl as a function of X for each type'of flow.

It was soon recognised that all the data
used to establish ¢g or ¢ﬁ were essentially appropriate for
only atmospheric conditions and that a pressure correction
should be introduced for accurate predictions at all pre-
ssures. The Lockhart and Martinelli correlation was
modified therefore by Martinelli and Nelson (21) to predict
pressure gradients during forced circulation boiling of water.
In this correlation, Martinelli and Nelson reported the
ratio of local two-phase pressure gradient to the pressure
gradient for 100% liquid flow as a function of quality and
pressure in graphical form.,

It was later found out that the two-phase
pressure gradient depends, in addition to quality and pre-
ssure, on the total mass velocity (24, 25, 26). A correction
factor for the effect of mass velocity on the pressure gradi—
ent has been derived by Jones (27).

2. Elevation Pressure Gradient

The elevation pressure gradient is evaluated by

the relation:
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@B -1 8
a-re v ,gC
_ s (2.5)
gc
where V = Average specific volume of the
: mixture

For homogeneous fl¢w, the expression for two-phase
specific volume Vv is given by equatibn (2.3).

For the slip model, the elevaﬁion pressure drop
can be calculated using the value of the liquid hold-up, Rj
(defined as fraction ot pipe volume filled by liquid). Thus

(f{i)e = Ry 71 + (1-Rp) by (2.6)

Martinelli-Nelson correlation curves (21) gave Rj
as a function of quality and pressure. Sher (25) had found
a slight inconsistency at low qualities in the Martinelli-
Nelson curves. Applying Sher's correction, the Martinelli
curves gave better agreement over the whole range of steam
quality (19). The values of Ry quoted by Sher for the
modified Martinellil correlation are represented in the range

14.7 psia to 1000 psia by the empirical equation (19)

Ry _ -4 | 0.7 (2.7)
Thy = 9-77 x 107 [(P +85) (1: x)]
where P = system pressure, psia
X = the steam quality
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3. Accelerational Pressure Drop

The pressure drop due to momentum bhange in the
adiabatic system arises'from the gas expansion due to the
pressure gradient in the test section.

Two exﬁreme cases can occur: One in which liquid
and vapour are intimately mixed (fog flow) and the second in
winich liquid and vapour are completely separated. |
| | In the second case, the liquid is not accelerated
with the gas and hence the accelerational pressure drop can
be much lower. However, when the liquid hold-up is high,
the restriction of the gas to a smaller area of flow can
reduce this difference (28).

The equations for calculating accelerational
pressure drop are available for both conditions (16, 21).
For annular flow, the real picture may be intermediate between
the two since part of the iiquid is intimately mixed with
the gas phase in the form of small droplets and part flows
separately in the form of a film on the tube wall.

However, at high pressures, the momentum pressure
drop is only 1% or less of the total static pressure drop
(24). This term has, therefore, been neglected in
equation (2.1).

In order to estimate pressure gradient in the
presenf report, both the homogeneous and the slip model were
used. Equations (2.2) and (2.5) were used for the homog-

eneous-model calculations. For the ratio of local two-phase
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pressure gradient to pressure gradient for 100% liguid flow
given by-the MartinellifNelson model, Jones' (27) polynomial fit
was used., To facilitate calculations a computer program was
written for this ratio as well as the mass - velocity
correction factor., |

The physical conditions used in predicting total pressure
gradients were those at the mid-point of the test section.
The quality in the test section was calculated from an energy
balance. |

C. Egquilibrium Flow Pattern

In order that various theoretical analyses available
for predicting liquid film flow rates may be applied to the
experimental data, a fully developed flow pattern is desir-
able at the sinter., The flow is fully developed when the
velocity and phase distributions do not change in the flow
direction. Fully developed conditions are found only in
the downstream sections of the channel where the inlet or
entrance effects are negligible. Another requirement for
fully developed adiabatic flow is that the pressure change
in the flow direction be small enough for the liquid and
gas properties to remain relatively constant.

The mode of introduction of water and steam, into the
test section affects considerably the length for the flow
pattern to develop fully (29,%0,14). If the water is in-
jected smoothly through porous walls, there is no immediate
entrainment and it taekes considerable time and length to

establish the flow pattern, However, if the suspended
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droplets of water are already present in éteam, they are
redeposited on the wall, thus eveptuélly setting up an
equilibrium condition. The time and length required in the
second case are much less than that in the first. Therefore,
it is desirable to introduce water in the mixer in the form
a spray. The liquid should be sliced off the tube wall
of the mixer bvefore introducing it into the test section so
that equilibrium is attéined in a shorter length.

One way to test whether equilibrium conditions have
been achieved in the test section is to find the liquid film
flow rates at various lengths along the test section (15).
Conflicting observations have been reported as to the length
of the test section in which the equilibrium flow pattern is
achieved (8,31.32). The assumption that equilibrium flow
pattern.would be achieved in a length of about 200 diameters
may not be too far from reality. In this equilibrium
situation, the rate of deposition of droplets onto the film
will be equal and opposite to the rate of entrainment of
droplets from the waves to the core.

However, it must be mentioned that the pressure gradient
along the channel results in a gradual increase of steam
velocity which, in itself, leads to gradually increasing
entrainment. Therefore, an assumption of complete equilib-

riumn is not wvalid.
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D. Models for Predicting Liquid Film Flow Rates

Many theoretical models for two-phase annular flow
have been proposed. Reviews of papers up to 1958 have been
made by Charvonia (33%) and Bennett (34). The theories of
Anderson and Mantzouranis (3%35) and Calvert and Williams (%6)
applied the classical work of Von Karman, Prandtl and
Nikuradse for single-phase flow to evaluate the veiocity
profile in the liquid film for two-phase annular flow.

Film flow rates were then obtained by integrating these
velocitiy profiles. In Dukler's analysis (37) for downwards
annular flow, the velocity profile of fhe film on the wall
was assumed to be given by Deissler's and Von Karman's
relations., This analysis was improved and modified for

the case of upwards flow by Hewitt (38). All the preceding
models considered only the simplified case of g liquid

film and gas core with a smooth interface and no liquid
entrainment,

In 2 recent paper, Levy (1) has presented a semi-
empirical model for the prediction of liguid film flow
rates in gnnular flpw with entrainment. He considered the
Amomentum and mass-transfer component of the interfacial
shear. Levy showed that the momentum term is dominant
within the liquid film while the mass-~transfer term is the
important component within the gas core.

Assuming that the liquid film thickness is small and

that the gas density is much smaller than the liquid density,
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Ievy arrived at the following simplified equation:

,‘k—dp/dL)(D/4) &c ( 1)( )~n -7 (gt)
P Gg -d /dL D
where 1t = thickness of the film-
Gg = gas phase mass flux
n =0 if (dp/aL)Z &. ”

C
. P
1/3 if (dp/aL) <-§._ 1
C

It

In the abbve equation, the function R(’ﬁ/i%) was introduced
from semi-empirical consideratibns to account for slip of
the gas with respect to the liquid particles contained in
the core. Universal application of the function F (2t /D)
was established by using data taken by the CISE (39) team
at various liquid and gas phase densities and over a wide
range of liquid and gas flow rates.

By analogy witn single phase flow, velocity profiles
in the liquid film were evaluated. Film flow rates were
obtained by integrating these wvelocity profiles. The
treatment was limited to situations where y+, the Reynolds
nunver based on the friction velocity, was greater than 3%0.

The correlation obtained was tested with film flow
rate data for air-water mixtures obtained by Gill and
Hewitt (14) at near atmospheric pressure. As pointed out
by Ievy, the proposed model gave an aporoximate, yet accept-
able, prediction of film flows for two-phase annular flow.

One set of calculations was perforzned for upwards fiow of
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steam-water mixture at a pressure of 1000 psia in a smooth

1/2-inch diameter pipe. However, no experimental data were

available then to confirm these calculations. Need for taking

additional experimental data was»pointed but by Levy to
further check and improve the analytical model.

A second analytical model for predicting entrainment/
in adiabatic, annular flow condifions was given by Minh'and_
Huyghe (2). It was postulated that the entrainment fraction
is a function of the volumgtric kinetic energy of the core
of the flow considered as a homogeneous mixture of gas and
1iquid droplets in suSpension. Semi~empirical correlations
were presented relating entrainment fraction to the kinetic
energy of the core of the flow for water-air and élcohél-
air mixture. An attempt has been made in the present work
to check if the same correlatiqp holds for steam-water

mixtures.
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III. THEORY

A. Slug-Annular Flow Transition

Since the purpose of the study was to measure the
liquid film flow rates, then all data must be taken in a
mass velocity--quality range where the flow is annular. 1In
annular flow, the liquid travels up the side of the tube
with a velocity less than that of the gas which travels up
the core. DPart of the liquid is entrained in the gas core
as droplets and as the gas velocity incréases, the en-
trainment also increases.

Several investigators have reported the experimental
conditions for the existence of different types of flow
patterns. However, little work has been done with steam--
water mixtures at high pressures. The genefal practice has
been to apply flow pattern results obtained at low pressure
to the required conditions at high pressures. As pointed
out by Baker (40), the use of the resultsvfrom the low
pressure studies for the application to high-pressure
situations requires that the correct similarity parameters
be known or that the correct governing equations for the
phenomena under consideration are obtainable. This question

has not been resolved yet.

19
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One of the notable works in the field of Slug—annular
flow transition is that of Griffith (41). Griffith reported
that the slug-annular flow regime transition occurs at almost

constant quality at a particular pressure and this transition

is independent of the flow rate as long as

2

gD #

where Vgs & superficial vapour velocity
| D ¢ Pipe Diameter |
Pg d Vapour deﬁsity
1 ¢ Liquid density
The transition quality varied from 8.6% at 215 psia to
17.6% at 615 psia and by extrapolation, transition quality
at any other pressure can be determined. However, Griffith
used a contact probe to detect the slug--annular transition
in which case erroneous readings could be obtained even when
the flow is clearly annular, This is due to the large disturb-
ance waves which throw out 'streamers" of liquid and break up
into droplets (42).
Another outstanding contribution is that of the Harwell
group (42). Investigation of flow patterns in a 0.497 in
I. D. tube for steam-water flow generated by boiling at
pressures of 500 and 1000 psia was carried out by this group.
Different flow patterns were observed using high speed cine

gravhy of the flow emerging from the end of the heated
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section into a glass tube of equal diameter. This group
-concluded that the transition to annular flow does depend on
the exit quality in addition to the total mass flux. Two
flow pattefn diagrams at pressures of 500 and 1000 psia
were presented.

At present it is not known if the transition does
occur at a constant quality as observations by differeﬁt
workers are conflicting. As pointed out by Kirby (8), the
results of visual observations made at the exit of a heated
round tube using Freon-12 &t 155 psia (which simulates water
at 1000 psia) showed that the quality at the onset of
climbing film flow could vary from 5% to 25% depending on
the heat flux, mass flow rate and inlet sub-cooling. Observa-
tions by Tippets (43) agree fairly well with those of
Griffith as do the visual observations of Hostler (8, 44).

Wallis (45) suggests that the transition to annular

flow in a vertical tube at low liquid velocities is not%
influenced by the liquid flow rate so long as liguid velocity
is not very high. The minimum gas velocity at which this

transition occurs is given by the equation:

-k , 3
Vg = Vé by [D g (A - 6%)]
where” Vp ¢ Gas velocity
D ¢ Tube diameter
P1 1+ Liquid phase density
Pt Gags phase density
o
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Vg* is a dimensionless-parameter and a value of 0.8-0.9
for Vg* was given by Wallis as representing the transition
to annular fiow. However, recent work (42, 46) has shown
that a value of unity for Vg* more correctly represents this
transition. |

By making use of the'above relation; the transition to
annular flow is found to occur at a minimuﬁ steam velocity
of 5.1 feet/sec at 1000 psia. The mass flow rate corre-
sponding to this velocity is about 50 lbm/hour. For the
present report, different water flow rates were selected at
this or higher values of steém flow and the total mass flux
calculated. A flow pattern diagram at 1000 psia in ref-
erence (42) was then used to determine if the flow regime
was annular,

B, Liquid PFPilm Flow Rate

While attempting to remove the ligquid film completely
through the sinter, small amounts of the steam phase will inevi-
tably be removed from the core. The two-phase mixture thus
extracted is passed through a cooler and is condensed. In
order to estimate the amount of liquid extracted, use is
made of the following equation, obtained by carrying out a

heat balance over the cooler:

We Hs = We (T7 = 32) Cp - W (Tg - Tg) Cyp
Hs - Hy, (3.1)

TNW =

where We ¢ mass flow rate of extract
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mass flow rate of liquid

£

Hg ¢ enthalpy of steam at the sinter

Hy ¢ enthalpy of water at the sinter

We ¢ coolant flow rate

I7 ¢ temperature of extract at outlet of the

cooler _
Tg ¢ inlet temperature of coolant
Tq ¢ outlet temperature of coolant

The derivation of this equation is given in Appendix I.
All properties should be based on the temperature and pres-
sure on the inside of the sinter. This is because some of
the water film,while passing through the sinter, flashes into
steam due to a pressure differential across the sinter.

A record is made of the total flow through the sinter
and of the pressure differential across it. The flow rate .
is changed by varying the pressure differential across the
sinter. By use of equation (3.1) above, liquid flow rates
through the sinter are calculated. .

Staniforth (4) suggested that pressure differentials
across the sinter should be plotted against flow rate as
shown in PFigure 1. The liquid film flow rate rises to a
constant value and remains there despite further increase in
the pressure differential. Any increase in pressure differ-
ential will only increase the amount of vapour drawn through
the sinter. The appearance of the plateau in these experi-
ments was interpreted, therefore, as indicating that all

the liquid film flowing along the wall had been extracted,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

However, one would expect to obtain this type of curve
only in cases where the exit quality is very high. At lower
gqualities, 1iquid from the core will be removed continuously
after the liquid flowing along the tube wall has been
extracted. ©Since a wide range of exit qualities was used
by Staniforth (4), the existence of a plateau did not always
suffice to determine the film flow rates. In cases where
the plateau was not clearly distinguishable, the film flow
rate was determined by judging the position on the curve
beyond which the vapour flow rate increases rapidly with
increasing pressure differential. Figure 2 from reference(4)
shows an example of the choice of this position.

This method of finding the liquid film flow rate was
not found to be convenient or accurate, especially at low
qualities. It was not possible to judge accurately the
position on the curve beyond which the vapour flow rate
increases rapidly with increasing pressure differential. 1In
the'present report, therefore, steam flow rate through the
sinter was plotted against water flow rate as shown in
Pigure 3. Two distinct portions of the plot,both straight
lines, are noticed. The point at which the steam flow rate
increases rapidly is given by the intersection of these two
lines which, in turn, gives the liquid film flow rate. This
method of finding the liquid film flow rates was found to be
easy, reproducible and is probably more accurate than the

one given by Staniforth (4),
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IV. EXPERIMENTAL EQUIPMENT AND PROCEDURE

A. Equipment

The experimental equipment consisted essentially of a
test'section, two high pressure boilers, a preheater, a
superheater,Aa condenser, two high pressufe pumps, two
coolers, a mixer and a number of flow measuring devices.

A schematic diagram of the high pressure experimental
loop is given in Figure 4. OSteam from the electrically
heated boilers passed through a superheater, an orifice
plate connected to a D. P. cell and theén via a throttle valve
to the mixer. The superheaster was electrically heated and
consisted of three hairpin elements having a power rating
of approximately 7 kw each.

A Bingham high pressure centrifugal pump of capacity
36 IGPM at 300 feet head supplied water to the preheater.

An orifice plate and g throttling valve measured and metered
the flow to the mixer. In the preheater were three heating
colls with a power rating of 12 kw each and one heating coil
with a power rating of 72 kW. |

Steam-water mixtures from the mixer passed up the vertical
test section. The high pressure test section was made from
a 3/8-in stainless steel (type 304), Sch 40 pipe, with an

inside diameter of 0.493 in (thickness 0.091 in). Test

28
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section detailé and the position of various pressure taps

are detailed in Figure 5. Thfee'pressure taps were provided
along the length of the test section at intervals of 3.5 feet.
Each pressure tap consisted of four 1/16 inch diameter
equispaced holes around the pipe perimeter. One pressure

tap waé at a distance of about 6 inches upstream from the
sinter. Due to the design of the sinter chamber, it was not
possible to'locate a pressure tap any'closer to‘the sinter.
‘The sinter chambef was designed to accomodate sinters of
various lengths.

The stainless steel sinter was mounted approximately
7-1/2 feet from the inlet of the test section. By means of
this sinter, it was planned to extract the liquid film flowing
on the pipe wall. The liquid, together with small amounts
of steam from the main core, passed through a cooler Cj
(Figure 4) which consisted of a 3/16 inch 0.D. coiled pipe
in an annular bath of cooling water.

The steam-water mixture from the top of the test section
passed to a water cooled condenser. From the condenser,
water flowed to the inlet of the main centrifugal pump.
Because of the high capacity of the pump, a large portion
of the water was recirculated through a by-pass valve.
Another portion was tzken to the cooler Cp (Figure 4) where
it was cooled for use in the condenser.

Meke-up water for the liquid extracted through the

sinter was provided by a high-pressure Aldrich reciprocating
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pump. It was pumped from the overhead storage tank into
the condenser. A second make-up pum@ of smaller capacity
was also available which pumped wafer from the storage tank
to the inlet of the main centrifugal pump. Pressure in the
condenser was controlled automatically.

B. Measurement of Loop Variables

l, Pressure Meagsurement

Two types of pressure measurements were made:
total pressure and pressure differentials across the test
section and across the various orifice meters.

a. Total Pressure

The following pressure measurements were made
with a Heise pressure gauge:

(i) Steam and water pressures at inlet to the
mixer,

(ii) Pressures at inlet and exit of the test
section.

The dial face of the gauge was graduated in

5 psi increments from O to 4000 psig. The gauge was cal-
ibrated by using a dead-weight tester and found to be accurate

within the reading error.

b. Pressure Differentisl
Pressure differential measurements across the
flow metering orifices were made with Foxboro, Type 134,
differential pressure cells calibrated in the appropriate
range., The vpressure signal from the D. P. cell was trans-

mitted to a Wallace and Tiernzn Pracision Pneumatic Calibvrator
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which is accurate to one»part in one thousand of full scale
range. FEach orifice meter was connected to two D. Pf cells
with ranges of 0-25 inches and 0-100 inches of water.

.» »For the pressure differential across the
test section, a D. P. cell with a range of -50 to +150 inches
of water was employed. The Wallace and Tiernan gauge was
used to measure the cell output.

2, Temperature Measurements

Six important temperature measurements were made:
water and steam temperatures at the inlet to the mixer,
temperature at the exit of the test section, inlet and outlet
temperatures of the cooling water and outlet temperature of
the condensate from the cooler.

The first three temperature measurements were made
with Chromel-Alumel thermocouples (constructed by welding in
an oxy-acetylene flame) encased in 1/8-inch stainless steel
sheaths., All thermocouple wires led to the potentiometer
through a junction box and a selector switch., The stean
thermocouple waé calibrated in place using saturated steam
at various pressures in the test section. The saturation
temperature corresponding to the known pressure was determined
from steam-tables. The thermocouple was found to be accurate
within -29F and appropriate corrections were apnlied to all
temperature readings. Thernocouple potentials were read to
0.01 mV which corresponds to about 0.450F., A Joseph Kaye

Model 1150 ice-point reference system was uged with all
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Chromel—Alumel'thermocouples to provide a éold junction
reference temperature accurate to +0.05°C from true 0°C.

Inlet and outlet temperatures of the cooling water
and the outlet temperature of dondensate from the condenser
were measured by using Fisher thermometers with a range of -1 to
51°C and graduated in 0.1° increments. The accuracy expected
with the thermometers was of the order of 0.05°C.

3., FPFlow Measurements

Various flow measurement techniques were utilized
for determining the loop flow parameters., The choice in each
case was dictated by the requirements of pressure, tem-
perature and readout at operating conditions.

a. Test Section Input

Orifice meters with D. P. cells were used to
measure the inlet water and steam stream flow rates. Flow )
rates were adjusted by throttling valves downstream of the
orifice. The orifice plates were calibrated- previously by
diréct weighing techniques using water at about 140°F. The
discharge coefficients thus obtained were assumed to apply
for steam at the corresponding Reynolds numbers. Orifice |
differentials corresponding to any required flow rates were
obtained from a series of tables produced by use of a
computer. The flow rates measured in this manner were
estimated to be accurate to within #2%. Oscillations of
the system and reliance on the D. P. cell coupled with the

preunatic calibrator might have increzased the likely error
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to the order of *4-5%.
In order to cover the whole flow range using
only the two D. P. cells with ranges of 0-100 and 0-25 inches

water, five orifices of different diameters were chosen as

follows:

Digmeter Flow range
inches 1b/hr

Steam orifices 0.2516 . 50-155
0.495 150-625
0.647 400-12C0

Water orifices 0.124 50-235

‘ : 0.2508 200-850

b. Extract Coolant

Cooling water flow required to condense and
cool the extracted flows from the test section was measured
with a Brook's rotameter, type 12-1110-24, of range
1.6-28 GPM and scale length 600 mm. It was calitrated by
the direct weighing technique as a check on the manufacturer's
accuracy claims and was found to be accurate-within ¥1%.
Calibration data thus obtained were curve-fitted and used
for the calculations.,

C. Experimental Procedure

Before any data were taken, the loop was
pressurized with water up to 1200 psig to check for any leaks
in the system.

Experimental runs were taken by introducing

two separate streams of steam and water through the mixer

ct

to the test section inlet. The flow rates of both streams

were adjusted, by throttling valves downstream of the
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orifices, as nearly as possible to the required conditions
at the test section inlet. DPower to the steam superheater
was adjusted so that the steam at_the mixer inlet was about
10°C superheated. The water stream flowed through a pre-
heater which raised its temperature to a few degrees below
saturation. The basis of determining steam superheat and
the water sub-cooling was the accurate measurement of the
pressure and obtaining the equiValent saturation temperature.
Final ad justment to the flow rates was made when steady
state conditions were achieved. To control the water tem-
perature accurately within 2 or 3°C, it was necessary to
adjust the inlet temperature of water to the preheater.
This was agccomplished by changing the flow rate of water to
cooler Cp by means of valve V3 (Figure 4).

When steady state conditions were achieved,
control valve V@ (Figure 4) was opened to adjust the pressure
differentigl across the sinter so as to get a small extraction
raté. The cooclant water flow was adjusted so that tem-
perature difference between inlet and outlet was zbout 10°0C.
Thermocouple, thermometer, D. P. cell, rotameter and pressure
readings were recorded. For each run total mass flux,
quality, sinter length and pressure were kept constant but
different extraction rates through the sinter were obtained
by varying the pressure differential across it. One of the
four independent variables (mass flux, quality, sinter length

and pressure) was then varied and the previous set of data
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taken for the new experimental conditions.

The range of experimental parameters 1is

shown in Table 4.1.

TABLE 4.1

. RANGE OF EXPERIMENTAL PARAMETERS

Parameter

Range

Quality
Total mass flux
Pressure

Sinter length

0.3 - 0.92

0.2 - 0.7 x 106
1000, 1200 psia
2, 1, 1/2 in

1bm
hr.f£t2
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V. RESULTS AND DISCUSSION

The effect of four independent variables on film flow
rates was investigated in the present repoft: totalrmass
flux, steam quality, pressure'and sinter length. A large
fraction of the data were taken at a pressure of 1000 psia
with a few runs at 1200 psia. It was planned originally
to investigate the effect of sinter grades on the liquid
film extractions by employing at least three different
grades of sinters. Due to a shortage of time, this phase
of the study could not be carried out.

Experimental data were obtained over approximately
27 working days with eight hours of operating time per day.
The number of runs tagken with different sinter lengths is

showvm in Table 5.1.

TABIE 5.1
SUMMARY OF SXPERIMENTAL DATA

Sinter length| Pressure| Number of runs
in. psia
2 _ 1000 18
1200 4
| 1 1000 13
| 1/2 1000 | 11
1200 | 3
38
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A complete compilation of all the results.is given in
Appendik II. In the early stages of this work, some of the
pressure drdp data could not be recorded since a pressure
differential cell with the proper range was not available.

A. Pressure Drop

Pressure drops across the test section were calculated
using models proposed by Martinelli and Nelson (21)and by
Owen (16). Physical properties used in these analyses were
based upon conditions at the middle (axially) of the test
section.

Briefly, two routes were followed to calculate pressure
drops using Owen's homogeneous model. In one of them, the
two-phase friction factor, fpp, is based on the single phase
liguid flow (przfl) as suggested originally by Owen. 1In
the other, a two-phase friction factor, T, was based on the
mean viscosity, H, as defined by equation (2.4). The results
for both of these aprroaches are plotted in Figures 6 and 7.
It is seen that agreement of predicted Vaiues of pféssure
gradient with the experimental values is slightly better with
fop = T

Experimental pressure gradients have been plotted against
predicted values from the Martinelli and HNelson model in Figure 8,
It is observed that Jones' correction factor for the mass-
velocity effect over-corrects the pressure gradient as |

predicted by the model,

3
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6
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i
ct
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r
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 T TlTlll' T IIIIIIII

PSI/FT
LI Tllrl

o

PREDICTED PRESSURE GRADIENT,

0.0l 1 1 111111' 1 lJllJllI

"0.01 o1 1 2
MEASURED PRESSURE GRADIENT, PSI/FT

FIG.6 COMPARISON OF OWEN'S MODEL WITH
EXPERIMENTAL DATA (frp=f))

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40



41

20 T T T T1rrr] T r rrrrry
1.0 - —
=3 —
e —
= - ~
- n -
~
- 5 N
"
a
= —
-
<
m - R
Q
g
@
o
w 0 —
@ u N
o |
(7] I~ -
w - -
m e
P -
a 5 .
o | -
W
[
o
o B ot
7%
@
o
°.°| 1 1 [ | l ] [ | 1 1 11 ll
0-0i 0.l 1.0 20

MEASURED PRESSURE GRADIENT, psi/FT

FIG. 7  COMPARISON OF OWEN'S MODEL WITH
EXPERIMENTAL DATA (fp=f)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PREDICTED PRESSURE GRADIENT, psi/fT

42

2.0

1.0 -

WITH JONES' CORR- FACTOR

A4

¥ WITHOUT JONES' CORR- FACTOR

1 1 L 1 o | ol l

o.l . 1.0 20

MEASURED PRESSURE GRADIENT, psI/FT

FIG. 8 COMPARISON OF MARTINELLI &
'NELSON MODEL WITH EXPERIMENTAL
DATA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

experimental data as compared to Martinelli and Nelson
predictioné. This is probably due to the fact that the basic
assumption of equal velocities for gas and liquid phases,

on which Owen's model is based, is approached more closely

in annular flow,.

B. Iiquid Film Flow Rates

The variation of experimental liquid film floQ rates
with quality at constant total mass flux and pressure has
been shown in Figures 9 to 11 for three different sinter
lengths. Liquid film flow rates have been plotted as a
function of total mass flux at constant quality in Figure 12.
The liquid film flow rate decreased with increased steam
quality and total mass flux. Qualitatively, this behaviour
is physically consistent and confirms the trends predicted
by Levy's analysis (1) of two-phase annular flow,

However, a careful study of the experimental results
showed that the liquid film flow rates, at a _steam quality of
approximately 0.3 and total mass flux of 0.5 x 106 lbm/hr.ftz,
were less than the corresponding film flows at the same
quality but higher total mass flux (0.7 x 10° lbm/hr.ft2).
This same trend is shown by runs 24 - 26 taken at a total
mass flux of approximately 0.2 x 106 lbm/hr.ft2 and steam
quality of 0.8. This behaviour is not consistent with the
general trend of the data. The discrepancy can probably be
explained by reference to the flow pattern diagram for
steam/water flow at 1000 psia (Fig. 13) re?roduced from

reference (42). At a total mass flux of 0.2 x 10° 1tm/hr.ft2,
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the flow regime presumably'approaches churn flow. -The' |
flow-regime at a total mass flux of 0.5 x 106 lbm/hr.ft2
and quality of 0.3 is probably on the transition line between
"wispy annular" and annular flow. Churn flow is char-
acterized by an unstable slug flow in which slugs of liquid
break and the gas bubbles are unstable. In "wispy annular"
flow, as defined in reference (42), the entrained phase'
appears to flow in large agglomerates while a liquid film
moves on the tube wall. In both churn and wispy annular
flow, the liquid flowing on the tube wall is less than the
corresponding case of annular flow where the entrained phase
is broken up into small droplets.

C. Effects of Sinter ILength

One of the major objectives of the present study was
to investigate the effect of sinter length on the liguid
film extraction rates under similar conditions of total mass
flux and quality. For the.Same flow conditions i.e. constant
steam quzlity and total mass flux, experimental ligquid film
flow rates have been plotted against sinter lengths in
Figure 1l4. It is observed that different film flow rates
are obtained by use of various lengths of sinter. The
testing of any theoretical model for the prediction of
liquid film flow rate with experimental data can thus be
greatly influenced by the sinter used to extract the film.

However, some of the experimental data show a trend
’ p

3

contrary to the exrzcted physical tehzaviour of the

A
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phenomensg under consideration. One would expect that the
effect of employing a longer sinter,'if,any, would be to
capture additional liquid from the_core. ‘Thus a 2-inch
sinter might show higher film flows than the acfual. On

the other hand, crests of high-amplitude roll waves could
miss the 1/2-inch sinter. Therefore a shorter sinter would
extract lower film flows than a larger one. Figure 14 shows
that film flow rates obtained with l-inch sinter were act-
uaglly higher than the corresponding figures obtained with
2-inch sinter.

During the experimental runs, it was noticed that the
sinters became quite dark in colour after use, indicating
oxidation. It is suspected that the 2-inch Sinter became
partially plugged due to oxidation. The 2-inch sinter was
in the loop for over 35 days while the shorter sinters were
there for less than seven days. The 1- and 1/2-inch sinters
were weighed béfore putting them in the extractor section
and again after use. The weight gains were 0.0473 gm for
the one inch unit and 0.0%29 gm for the one-half inch unit.
The 2-inch sinter was not weighed before putting it in the
extractor section. An accurate determination of weight gain
for this sinter is not possible.

An attempt was made, by statistical methods, to estimate
the weight of the two inch sinter before installation (47).
Eight unused two inch sinters were found to have a mean

weight of 43.1850 gm with a stazndard deviation of 0.1266 gn.
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From careful measurements of the usedvsinter, it wés esti-
mated that between 2.294% and 2.3%47% of total volume of the
raw sinter was removed by machining thé chamber on either
end. Therefore one would expect the mean weight of the
- population of machined two inch sinter to-be between 42.1714

and 42.1943 gm. The standard deviation of this population can
probably be assumed to be the same, namely 0.1266 émo

Now assuming that a t-distribution adequately describes
this sample, at the 95% confidence level with 7 degrees of
freedom, the 1t statistic is 2.365. One would then expect,
with 95% confidence that the true initial weight of the
Specimen.was within 2.365 times the standard deviation of
the true mean weight of the population of machined sinters,
Allowing for the uncertainty of measurement previously
described the 95% confidence estimate of the true initial
weight, W, of the sinter becomes 41.8720 gm< W <42.49%7 gn.

The actual measured weight of'the sinter after removal
from the test section was 42.7504 gm. It would appear then
that with about 95% confidence, we can state that the weight
gained, Wg, by the sinter during use was 0.2367 gm <Wg <
0.8584 gm. This is quite large in comparison with the
known weight gains of the shorter sinters.

It was suggested that, if in fact these sinters had
collected foreign matter, it might be possible to remove
some or all of this by ultrasonic cleaning. The three used

sinters plus an unused two inch control specimen were
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subjected to ultrasonic cleaning in acetone for a period of
3/4 hour, dried in air over-night and then oven dried at
2259Ffor 2 1/2 hours. The control spécimen registered a
weight gain of 0.0004 gm, while the 2-, 1- and 1/2-inch
specimens had loéses of 0.0050 gm; 0.0078 gm and 0.0006 gm
respectively.

In view of the above results, it is reasonable to
conclude that most of the weight gain which occured was due
to oxide formation. It is difficult to ascertain the effect
of this partial clogging on the extractive properties of the
sinter with any degree of confidence. Most probably it will
extract lower film flow. It is suggested that different
sinter grades should be used to look more deeply into this
oroblem.

D. Comparison with Levy's Model -

Experimental liquid film flow rates were compared with
the theoretical predictions by Levy's (1) analytical model.
The value of y+, the dimensionless Reynolds number based on
the friction velocity, was more than 30 for all runs, thus
indicating that lLevy's analysis is applicable. A sample
calculation is given in Appendix III.

The comparison between the measured values and the
theoretical predictions for film flow rates is shown in
Figure 15 for all the three sinter lengths. It is observed
that the film flow rates as predicted by Levy's analysis

were consistently lower than the experimentally observed
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values. The deviation was, in general, less than SO%.
Appendix II of results shows one impdrtant trend.
For the same Vélues of total mass flux and quality, the film
flow rates obtained by the use of one-half inch sinter show
much better agreement with predictions by Levy's model as
compared to data obtained with larger sinters. The Student's
t-test was applied to the data to compare the relative_
performance of the three sinters vis-a-vis with predictions
by Levy's model. The results obtained are detailed in

Table 5.2,

TABLE 5.2
RELATIVE PERTFORMANCE OF SINTERS

Comparison of Experimental Dats with Levy's
model by t-test

Sinter No. of data Degreecs of t Level of
| Length points freedom : significance
| in.
2 12 22 1.001 0.33
i 1 12 22 1.758 0.10
1/2 11 20 0.766 0.45

It should be noted that the last column in the above
table gives the level at which the value of t becomes signif-
icant. The analysis shows that agreement of experimental
data with Levy's model is the closest for one-half inch

sinter. DPoorer agreement of data obtained with the one-inch
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\

sinter is shown by this analysis.. However! this may not be
the true indicatioﬁ of the performance of the sinter. As
mentioned earlier, the two-inch sinter might have been |
partially clogged due to oxidation. Experimental results
show that extraction rates obtained with the two-inch sinter
for a major portion of the data are actually lower than the
corresponding figures obtained with the onefinch sinter.
It is believed that the flows would have been higher if the
sinter had not been clogged and for this reason, the
experimental data with the 2-inch sinter indicates better
agreement with Levy's model as compared to the one-inch unit.
In view of the above reasoning, it can be stated that
film flow rates obtained by one-half inch sinter are probably
nearer to the actual film flow rates on the tube wall. The
larger sinters are possibly bapturing liquid from the core
also. The liquid film flow rates as obtained with these
sinters are, therefore, higher than the actual flow rates.

E. Comparison with Minh's Model

Experimental film r'low rates have beén plotted against
predicted values calculated from the model proposed by Minh
and Huyghe (2) in Pigure 16. It is seen that the agreement
between the two is very poor , the deviation being as high
as +200%. The model as suggested is applicable only for air-
water mixtures at low pressures. Aﬁparently it cannot be
applied to steam-water mixtures at high pressures without

some modification,
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VI. CONCLUSIONS

Experimental measurements have been made of the liquid
film flow rates for steam-wéter mixtures flowing in a
vertical test section at high pressures. In‘order to extract
the liquid film on the wall, éinters,of various lengths were
employed; a technique used previously by the Harwell group
(3,4,5). Marked effect of sinter length on the extracted
liquid film flow rates has been demonstrated.

Qualitatively, the variation of liquid film flow rates
with quality and total mass flux was found to be physically
consistent., The experimental film flow rates have been
compared with the theoretical predictions of Ievy (1) for
annular flow. It has been shown that the model predicts
consistently lower film flow rates, the deviation being as
high as 64%. Agreement of theoretical predictions from the
model with the experimental data obtained by use of 1/2-in-
sinter was much better than in case of longer sinters. It
is suggested that film flow rates obtained with shorter
sinters are probably closer to the actual film flow rates,
with the longer sinters extracting additional liquid from the
core. The experimental results were also compared with the

semi-empirical model of Minh (2). Deviationsof up to +200%

gn

were noticed. The model is not suitable for use in 3tean-

water flows at high pressures without some modification,

58
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Experimental pressure gradients were compared with
theoretical predictions of Martinelli and Nelson .(21) and
Owen (16). Owen's model gave reasonably good agreement with
the observed values,

It is recommended that more experimental data should
be taken to study the effects of pressure and éinter grades

on the liquid film flow rates,
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NOMENCLATURE

Dimensions are given in terms of mass (M), length (L),

time (t) and temperature (T).

A Cross-sectionél area of channel 12
D Diameter : L
f Friction Factor |
G Mass Flux M/t 12
gc Gravitational conversion factor
AP Pressure drop per unit length M/th2
?L Pressure M/Lit?
Ry Fraction of pipe filled with

liquid
Rg Praction of pipe filled with

gas
K Average velocity L/t
v Average specific velunme LB/M
v Specific volunme 1°/M
W Mass flow rate M/t
x Quality (steam flow rate)

total flow rate

X Two-phase flow modulus defined
by lLockhart and lMartinelli

Greek Symbols

P Density /17

60
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Subscripts

e

f

TP

61

Viscosity M/Lt

Function of X utilized in

~calculating two-phase pressure

drop o

elevation

friction

gas or steam phase
liquid or water phase
momentum

static

two-phgse

total
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~ APFENDIX I

Calculation of Liquid Flow Rate from
a Mixture of Liquid and Vapour

Temperature and pressure on the inside of the sinter

should be accurately known,

Let
We ¢ Mass flow rate of extract
Wg ¢t Mass flow rate of steam removed
W, ¢+ Mass flow raté of liquid
Hg ¢+ Enthalpy of steam at the sinter
Hy ¢ Enthalpy of liguid at the sinter
T7 ¢+ Temperature of extract at outlet of the
cooler
Wo ¢ Coolant flow rate
Tg ¢+ Inlet temperature of coolant

T9 ¢ Outlet temperature of coolant
Hy ¢ Heat losses to the atmosphere

Heat lost by extract (water + steam) =

(e - Wy) Hg + Wy H, - W (T7 ~ 32) C,
Heat absorbed by coolant = W, (Tg - Tg) Cy

Heat lost

1l

Heat absorbed + Hy

—.NY‘ — e HS - ‘r'/’e (r:,_, - 32) C*n - "V'J(-s (TO - TQ) CD — Hl
i) -

&a S P4
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-All other quantities being known, W, the liquid film

flow rate can be calculated. Heat losses to the atmosphere,

Hy, were estimated to be 3073 Btu/hr.
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APPENDIX III

Sample Calculation for Theoretical Liquid
Film Flow Rate using Levy's (1) Model

A1l references in the following treatment are from
Levy's original paper.

Quality of steam | = 0.698

Total mass flux, Gy = 0.398 x 10° lom/hr.ft2
Pressure = 1000 psia

Diameter of test section = 0.04108 ft

X-sectional area = 1.3256 x 1072 sq £t
Density of water = 46.29 1bm/cu ft
Density of steam = 2.24 1lbm/cu ft
Viscosity of water = 0.241 lbm/hr.ft
(6P/AL), EXPTL ’ = 48.29 Ibf/ft2
Steam mass flux, Gg = (Total mass flux) (Quality)
= 0.278 x 10° lbm/nr.ft2
R = (R/R)Y? - 2.74
P (26/D) =J(-dp/di)(n/4) e Pg o A1
1 Gg Py .
= 0.0468

Plot of F (2t/D) vs (2t/D) in Figure 7 was curve-fitted

to find (2t/D) corresponding to any value of F (2t/D).
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Por F (2t/D) 2 0.04, |
(2t/D) = 0.870313 - 64.295 x F (2t/D) + 1.794128 x 10> x
[@ (2t/D)]2 - 2.34222 x 1o4~x[F (2t/D)]3 + 1.469566 x 10° x
[F (2t/D)] 4 - 3.54543 x 105 X[F (2t/D?]5
= 0.0154
Therefore, thickness of liquid film = 0.000316 ft'

[(—dp/_dL) A QA- a2/b2)] 2

Wall shear stress, T,

where a=D/2 -1t
b = D/2
Tw = 044814
+ _ -t"TW gc Pl
1 1
= 126.3
P(y*) = 3y+ + 2.5 y* 1In y* - 64 (Eq. 15)
= 1844

K ) (X - Secti 1
Liquid Film Flow Rate = g 1 Py7) (X - Sectional area)

it

57.4 lbm/hr
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