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NOMENCLATURE

cross sectional area
thermal diffusivity
specific heat at constant pressure
distribution parameter
hydraulic diameter of the cross section
Moody friction factor
fluid mass flux
acceleration due to gravity
fluid enthalpy
latent heat of vaporization
rate of bubble nucleation per unit area at z'
thermal conductivity
length of test section
difference in length between the non-equilibrium
point of net vapor generation and the same point
as predicted by equilibrium theory
mass of bubble at z that nucleated at z'
dimensionless Subcooling number
absolute pressure
pressure drop
dimensionless Peclet number
pressure gradient
volumetric flow rate

wall heat flux
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dimensionless Reynolds number
time, independent variable
temperature

temperature difference
velocity

weighted mean drift velocity for upward bubbly churn
flow

vapor mass quality
mass flow rate

axial coordinate

vapor void fraction

net rate of vapor generation per unit volume,
equilibrium model

net rate of vapor generation per unit volume,
non-equilibrium model

inclination of test section with respect to horizontal
axial coordinate at point of net vapor generation
fluid absolute viscosity

wetted perimeter of cross section

fluid density

difference between liquid density and vapor density
fluid surface tension

stress tensor

ratio of two-phase pressure gradient to that which

would occur if the liquid phase were to flow alone
in the duct
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¢f02 ratio of twojphase pressure gradient to that which
would occur if the total mass flow rate were to flow
as liquid

¢tt Lockhart-Martinelli parameter

X ¢ Lockhart-Martinelli parameter

£ Baroczy parameter

eq equilibrium frequency of evaporation
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accel acceleration component
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d diffusion component

£ value at exit of test section

eq value according to equilibrium theory

f liquid

e frictional component

fo total mass flow rate as liquid

g vapor

grav  gravitational component

i value at inlet

m mixture

sat saturation value

sub liquid phase subcooling at point of net vapor
generation

total total value
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+
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SUMMARY

The present investigation consists of two parts, one
experimental, the other analytical.

The experimental program (Part I) is concerned with
pressure drop prediction in evaporative two-phase flow
systems. In this program, various pressure drop models which
are reported in the literature are evaluated against experi-
mental data. The results of the evaluation indicate that
present models are inaccurate and inconsistent when applied
to the data obtained from present experiments. In addition,
the experimental data show an increase of the pressure
gradient in the region of two-phase flow.

As is shown in the experimental program, accurate
prediction of pressure drop is incumbant upon correct
estimation of vapor void fraction. The analytical program
(Part II) is concerned with the development of a constitutive
equation of net vapor generation in subcooled boiling two-
phase flows. It is developed from a model which is
applicable to steady-state as well as transient flows.

The analysis yields expressions for the true mixture
density and the true vapor quality in thermal non-equilibrium
conditions, that is, for steady-state or transient subcooled
boiling. A comparison of predicted values with available

experimental data shows good agreement,



Part 1
EXPERIMENTAL PRESSURE DROP IN

EVAPORATIVE TWO-PHASE FLOW



CHAPTER I

INTRODUCTION

1.1 Significance of the Problem

The occurrence of two phase, single or two-component
flows in pipelines is characteristic of many processes in
modern petroleum, chemical, and nuclear systems. Problems
associated with such flows include the inability to predict
with accuracy the pressure losses and void fraction in these
pipelines. This is particularly true for mixtures in thermo-
dynamic non-equilibrium.

Attempts to predict these quantities to date have
mainly focused on the collection of wide ranging experimental
data and the correlation of these data to system parameters.
Predictions of pressure losses and void fraction for systems
other than those used in obtaining these correlations are
questionable since it might be expected that the usefulness
of the correlations is subject to the limitations of their
own data. There have been numerous such correlations, some
of which have been widely used. The subject of Part I of the
present thesis is to evaluate the results predicted by the
various pressure drop models reported in the literature

against new experimental data.



1.2 Description of Predictive Methods

A review of the literature indicates that there is no
reliable method for predicting pressure loss and void frac-
tion in evaporative two-phase flow systems. Several methods,
however, have gained widespread acceptance for design
purposes. Models which are evaluated against experimental
pressure drops are described below. A review of correlations
which are based upon these models is given in Appendix A.

1.2.1 Homogeneous Model

One commonly used approach is to treat the two fluids
as if they were one homogeneous mixture with appropriately
defined mixture properties (i.e., mixture viscosity and
mixture density). The model is based upon the following
assumptions:

i) equal velocities of the vapor and liquid
ii) thermodynamic equilibrium between the two phases

iii) the use of a suitably defined single phase

friction factor for two-phase flow.

These assumptions imply that the homogeneous model
might be expected to yield favorable results for a fog or
spray flow pattern occurring at high void fraction. However,
it is often applied indiscriminately to problems in which
other flow patterns, such as annular flow, would be expected.

Specific volume of a homogeneous mixture is defined
[17,20] as the total volumetric flow rate divided by the

total mass flow rate



1-x X
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where the equilibrium mass quality is defined as

i(z)-1
= f,sat _
—_ A, (1.2)

and where Pe and pg are the densities of the saturated
liquid and vapor respectively. Substitution of the above
into the basic momentum equation for steady, one-dimensional,

homogeneous equilibrium flow in a duct yields [4,20,21]

dp
_(Hfjtotal -

2 "
fTPG 2 P dx gop sins

R G
Zo Dy [1fxeq(5;*1)] % 5;(5;"1) a5

2 dp
L = % G
eq 2 P
Pg

Equation (1.3) is often simplified with the assumption that
the fluid densities ope and pg remain constant at their inlet
saturation values. This is justified in the literature by
reasoning that for the case where pressure drop is small
compared to system pressure, the values of o and pg change

very little. The assumption also results in a value of the



denominator for (1.3) of unity. Hence, the simplified form

of (1.3) is

d
-(Hggtotal -

.2 :
f__G dx g0, sing
TP [1+ (__h )] + M_(__- - £ (1.3a)
20Dy *eq'p Pe dz Ps
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g

The result of this assumption is that the momentum equation
(1.3a) may be decoupled from the energy equation for
solution.

Term by term integration of this simplified form
(1.3a) from the point in the channel where evaporation begins
(z = 0, x = 0) to some channel location, z, where the

eq
equilibrium mass quality is xeq yields

p =

TP f
“(dp) frcin = [1 = B (1.4)

fric pr h pg
v il & .
“(AP) jece1 = © (5; pf)xeq {1+5)

- <]
. o g sinf z %N

(Ap)grav - 1) ﬂ.n[1+xeq(pg 1)] {(1+6)

p eq



All the terms in equations (1.4) through (1.6) are
known except for the two-phase friction factor, fTP' Most
investigators have chosen to attempt a friction factor
correlation similar to that obtained in single-phase flow
(in terms of the Moody friction factor and the fluid Reynolds
number), by specifying artificial definitions of the
homogeneous viscosity to use in the definition of the

Reynolds number

Numerous definitions are found in the literature of which

the most popular are

(1) . = Mg > (Owens [17], 1962)

(2) =+ =L1X, X (Isbin et al. [8], 1957 and

M He Mg McAdams et al. [16])
(3) By = [l—x)uf+xug, (Cicchitti et al. [5], 1960)
4) u = uf(l_x)pgx, (Hagendorn [7], 1965)

These expressions for mixture viscosity are plotted versus
mass quality in Figure 1 to highlight the large differences
one could encounter during any analysis involving the

definition of viscosity. It can be seen from Figure 1 that
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the values can differ by a factor of 2.5 in the worst case.
However, one reason for the lack of incentive, so far, to
establish an accepted definition is that the dependence of
friction factor on viscosity is small for turbulent flow
(see Tables 1-28).

1.2.2 Separated Flow Model

An alternative model is one which artifically
segregates the phases into two streams. This model may
approach physical reality for certain flows (e.g. annular
flow) just as the homogeneous model does for fog flow.
Assumptions upon which the separated flow model is based are

i) constant but not necessarily equal velocities
for the vapor and liquid phases.
ii) thermodynamic equilibrium between the phases.

iii) the use of empirical correlations or simplified

.concepts to relate the two-phase friction
multiplier, ¢2, and the void fraction, o, to
the independent variables of the flow.

The basic momentum equation for steady, separated flow may

be rearranged to give [4]



d
'(H%)total -

2 2 2
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© z Rgh Bgh 8 *eq pe(l-a)” peo

+ g sinélpyatpe(l-a)]

LL..7)

As for homogencous flow, the compressibility of the vapor
phase may usually be neglected (in which case the denomi-
nator is unity), and if it is further assumed that the
densities g and pg’ along with the friction factor, ffo’
remain constant over the length considered, then term by

term integration of the above equation yields

i
—

“(8P) fpse = b0 IXgql (1.8)

|
o]
o
| 8%

$ 2 = 1] (1.9)

- (&p) = == =
accel pg @ pg 1-o

X
- (Ap) = B2 5308, jeq{p a+p . (1-a)}dx ] (1.10)
grav Xeq o g °f eq ’
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Evaluation of the terms in brackets in equations (1.8)
through (1.10) is the object of the Martinelli-Nelson and
Baroczy correlations which are reviewed in Appendix A.

1.2.3 Mixture Model

In order to account for the relative motions of each
phase, Zuber [24] developed the mixture field equations in
terms of the mixture variables. These were used in (10) to
analyze transient phenomena in two-phase mixtures. By
neglecting the capillary force, and for steady state flow,

the time-smoothed and area-averaged equations are

the continuity equation of the mixture

hatp i) (1.11)

and the momentum equation for the mixture

v g Pe P, PP
_cd s m m 2 By £ "mtgE = 2
(HE)tctal  Pn'm 5z T %m 7 2D, Pm'm * Bz{pm'p o Vgj !
g "m
(1.12)
where the mixture density is
pp = (I-a)pg + ap, (1.13)



1t

the mixture velocity is

(1-a)pevetap v
v = tf g8 (1.14)
Pn

and the void fraction is
"y
o = —% (1.15)

The first and last terms of equation (1.12) are point values

and may be integrated directly to give

APgcce1 T pmvm(vmehvmo]
2 a_hp
= %7 Qe (1.16)
£ me
p‘[' pme Dfepg .
—L\pdzp e'p 5 2 . (1.17)
Mo  8p Lo &

where ng is the weighted mean drift velocity for upward

bubbly churn flow

vgj = 1.41 [ﬁ%p—]l/4 (1.18)
F’f
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and where oF and Py are the saturation densities corresponding
to the system pressure of the liquid and vapor phases
respectively. This is a simplifying assumption which is

also utilized in the homogeneous, Martinelli-Nelson, and
Baroczy models, as outlined in Section 1.2.1.

Integration of the second and third terms is simpli-
fied by the above assumption of constant fluid densities.
However, additional equations are still required for the
void fraction, o, and the mixture friction factor, fm' The
equations which were used to predict these parameters are

(12]

<q> = xp g (1.19)
a {E_QE + _E..] + 2 8]
0" Cp Pr G

and, the mixture friction factor [4]

p
_ m ,l-x.2
fm = ff 3} (1_L] (1:.20)

Use of this expression for the mixture friction factor was
jointly sugguested by Armand, Lottes, and Levy [4]. Their
method is discussed in more detail in Appendix A.

Upon substitution of the equations, numerical
integration of the second and third terms of equation (1.12)

was accomplished on the Univac 1108 by using the midpoint



rule. Integration was obtained by an iteration technique
which was terminated when successive iterations agreed to

within + 1/2 of 1%.

1.3 Purpose

The purpose of Part I of this thesis is to obtain
reliable experimental data on pressure drop in two-phase
flows with evaporation, and to evaluate the methods of
prediction which were discussed in the previous section

against these data.

13
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CHAPTER 11

EXPERIMENTAL PROGRAM

2.1 Method of Experiments

The apparatus used to obtain pressure drop data is
the Freon loop in the School of Mechanical Engineering. A
detailed description of the experimental apparatus can be
found in [18].

The objective of the experiments was to obtain steady
state two-phase flow data of high voidage (a=.02+.50)
over a significant portion of the test section. Hence, the
inlet subcooling for all experimental runs was held as low
as possible.

For accurate data, it was important to assure that the
flow at the inlet to the test section was single-phase
liquid, because at certain pressures it is possible to flash
the working fluid within the preheaters of the experimental
apparatus. Single-phase liquid was insured for all experi-
mental runs by a preliminary experiment, the purpose of which
was to raise the liquid temperature within the test section
by the application of a wall heat flux. The wall heat flux
was held below that which would induce evaporation within the
test section. The measured temperature difference of the

inlet and exit liquid was then compared to the theoretical



temperature rise attributable to the applied wall heat flux.

qnng
W
Cpf

AT =

For agreement of the two temperature differences within
1°F, single phase liquid flow at the inlet was assumed.

Except for high and low Reynolds number comparisons,
mass flux for all experiments was set at approximately

6 1bm/ft2~hr, which applies to practical systems [20].

10
Beginning with a low heat flux, steady state flow was
achieved (as indicated by the constancy of flow meter
readings, wall temperature measurements, and fluid measure-
ments at the exit). At steady state flow, pressure drop
measurements were then recorded at one foot intervals along
the test section. This procedure was repeated for larger
heat flux application until it was no longer possible to
sustain steady state flow (as indicated by an oscillation in
flow meter readings of greater than + 5%).

Data were obtained at system pressures of 150, 175,

6 lbm/ftz—hr. This

and 195 psia for a mass flux of 10
corresponds to an inlet Reynolds number of 65,000. For an
investigation of the Reynolds number effect, data were
obtained at a system pressure of 175 psia and an inlet
Reynolds number of 115,606, and also at a system pressure of

195 psia and an inlet Reynolds number of 30,121. It was

necessary to obtain the low Reynolds number data at the
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highest system pressure due to flashing of the fluid within
the preheaters at reasonable subcooling (<80°F) and lower

pressures.

2.2 Accuracy of Data

Detailed description of the Freon Loop of the School
of Mechanical Engineering can be found in [18]. Accuracy
of the recording instruments used are

Flow Meter + 0.25% of reading to normal

maximum rated flow

Flow Rate Indicator + 0.10% full scale

System Pressure Gage + 0.25% of reading to maximum

pressure tolerance

Digital Voltmeter + 0.1% of reading

Ammeter 2% (2 amps in 120)

| +

Temperature Recorder + 1°F

In order to assure consistency of data, the runs for
the high Reynolds number data at 175 psia were repeated.
These two different runs, at the same experimental conditions
can be compared in Tables 10 through 19 in Appendix B and
Figure 10 in Chapter III. It is shown that data repeatability

of the experimental apparatus is assured.
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CHAPTER I11I
RESULTS AND DISCUSSION

Figures 2 through 7 summarize the results of the
homogeneous, Martinelli-Nelson, Baroczy, and Armand-Lottes--
Levy models in predicting the total pressure drop in two-
phase flows. Tables which list all data shown in these
figures are located in Appendix B.

For these data, the magnitude of experimental pressure
drop is indicative of the length of the two-phase flow
regime along the channel. Hence, the reason for good
predictive agreement at low levels of experimental pressure
drop is that the frictional component of the total pressure
drop is small. From the data, it is readily seen that as
the heat flux is increased (thereby increasing the two-phase
flow regime within the channel), the predicted pressure
drop deviates more from the experimental value. This is
especially apparent from the high inlet Reynolds number
runs. Therefore, the data confirm the fundamental deficiency
of the various predictive methods, i.e., an accurate model
for representation of frictional losses at the wall is not
available today.

Another result which was derived from the experimental

data is represented in Figures 8 and 9. These are plots of
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pressure drop between a reference location in the channel,
one foot downstream of the inlet, and a point in the

channel, versus axial position. The figures show a constant
pressure gradient between the reference point and some
location within the channel where it increases abruptly.

This pnenomenon is indicative of bubble nucleation at the
wall, that is, of subcooled boiling, and hence an increased
friction factor. Also shown on these plots is a prediction
of the point of net vapor formation from [19] (non-equilibrium
theory summarized in Appendix A), and the point of initiation
of two-phase flow as predicted by equilibrium theory. It

can be seen that the non-equilibrium theory of [19] is in
good agreement with experimental data, whereas use of the
equilibrium model for predicting the point of net vapor
formation is in error.

Since the two-phase friction factor is greater than
the corresponding single phase friction factor, due to the
roughness presented by nucleating bubbles, it is evident
that use of a single phase friction factor will result in
an underestimation of frictional pressure drop. Hence, for
pipes where transition from single-phase to two-phase flow
occurs, current practice of utilizing equilibrium theory to
define the point of transition will result in an under-
estimation of pressure drop within the single phase region,
due to the effects of thermal non-equilibrium., This result

is verified by the data presented in Figures 8 and 9.
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CHAPTER 1V

CONCLUSIONS

The following conclusions are drawn from the experi-
mental data:

(1) The heretofore proposed correlations to predict
two-phase flow pressure drop are inaccurate and inconsistent
when applied to the data obtained from the present experiments.

(2) The primary reason for inaccuracy of the various
predictive methods is failure to properly model the fric-
tional component of pressure drop.

(3) The equilibrium model of predicting the point of
net vapor formation is in error for practical applications,
and results in underestimation of frictional pressure drop
in the single-phase region as predicted by equilibrium
theory.

(4) Hence, a non-equilibrium model for prediction

of void fraction and mass quality is required.
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CHAPTER 1

INTRODUCTION

1.1 Significance of the Problemnm

As was outlined in Part I of the present thesis, the
ability to predict pressure drop in non-adiabatic, non-
equilibrium flows is incumbant upon the accurate estimation
of the functional relationship of void fraction with axial
position. In addition, the rate of vapor formation may
affect the thermo-hydraulic behavior of the system. In
particular, the question arises whether the density, velocity,
pressure, and thermal fields may interact in such a way so
as to give rise to

a) excursions in both flow and temperature

b) oscillations in flow velocity, temperature, density,

and pressure

c) choking flows.

The appearance of any of the above phenomena may
define the operating limits of non-adiabatic two-phase flow
systems, It has been shown that the traditional approach
to the problem (i.e., assumption of thermodynamic equilibrium
between the phases) may be inadequate for certain operating
conditions since local vapor void fractions as high as 30%

have been measured under conditions of thermal non-equilibrium,
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for example, in the region of subcooled boiling. Hence, a
general non-equilibrium approach is needed in order to

properly analyze proposed upratings of such systems.

1.2 Purpose

The present analysis has two objectives: (1) to
consider the general characteristics of thermal non-equilibrium
two-phase flows, and (2) to develop a constitutive equation
which specifies the net rate of vapor formation for a
particular thermal non-equilibrium two-phase flow system,
that is, for vapor generation in subcooled boiling.

The analysis will be developed from a model which
can be applied to transient as well as to steady state

operating conditions.
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CHAPTER II
PRESENT STATE OF THE ART

In order to discuss both the problems of thermal
equilibrium and non-equilibrium, it is instructive to

consider the generalized time smoothed and area averaged

continuity equation of the wvapor [11]

3 9 "
7t (aog) *® omen [apgvg) =T, (2.1)

and the energy equation of the mixture [11]

9i 91 91
) £ £ g
(l ajpf[ at + vf az] + op [ 5t +

91
__31
g 52

g
(2+2)
qnwg

. - QE

PR (Arig) = * 3%

where the effects of kinetic and potential energies have
been neglected,.

The first two terms on the left hand side of equation
(2.2) account for the thermodynamic non-equilibrium of the
liquid and of the vapor respectively. The third term is the

energy required to generate a mass of vapor per unit volume
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per unit time, ?g' In general, Fg must be specified by a
constitutive equation. The first term on the right hand
side accounts for the power input per unit volume. The
second term accounts for the effects of system pressure
variations on the energy content.

Generally, the right hand side of equation (2.2) is
known, whereas the left hand side is not. That is, for a
given energy input to the two-phase mixture, it is not known
which proportion is utilized to produce vapor, or which
proportions go to heat the liquid and/or vapor (either of

which may be superheated or subcooled).

2.1 Characteristics of Thermal Equilibrium Flow

For a mixture in thermal equilibrium, the fluid
enthalpies remain constant at the local system pressure,
whereas the entire energy input to the mixture is utilized
without time delay to vaporize the liquid. Furthermore, if
it is assumed that the pressure drop is small compared to
the total system pressure, the fluid enthalpies may be approxi-
mated as being constant throughout the entire channel, and
the rate of vapor formation, Fg’ may be computed directly

from equation (2.2), thus

T = -———-—-—1?' (2-3)

if the effect of temporal pressure variation is neglected.
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Substitution of (2.3) into the steady state form of (2.1)
results in the standard expression, that is, in the defini-

tion of the gradient of the equilibrium quality, thus

3G ax q" £
. g Wue - S P
9z (apgvg] G 9z 9z GAaifg (Fd

@ =

Since the fluid enthalpies are constant for the

thermal equilibrium model, there is no time delay in trans-

ferring the energy from the wall to the vapor-liquid

interface. Hence, no information of the heat transfer

process from the wall to the interface is required. Clearly

then, no consideration of the flow regime is necessary.

The mechanism of heat transfer from the heated solid surface
to the vapor-liquid interface can be considered only in
conjunction with the flow regime. This latter point is the
characteristic of non-equilibrium flows, and is discussed

below.

2.2 Characteristics of Thermal Non-Equilibrium Flow

As stated previously, it is not generally known
which proportion of the wall heat flux is utilized to produce
vapor, or which proportions go toward heating the liquid
and/or vapor (either of which may be superheated or subcooled).
It has been shown in [22] that the degree of thermal
non-equilibrium depends on the rate of vapor formation per

unit volume, Fg’ which must be specified for the various
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flow regimes by a constitutive equation. In order to
illustrate this fact (and following reference [22]), three

cases of thermal non-equilibrium flows will be considered.

2.2.1 Superheated Liquid Only (a=o, Pg=o)

For a flowing superheated liquid in the absense of a
vapor phase, equation (2.2) shows that the entire energy
input to the system (due to heat input and/or pressure
variations) is used to increase the enthalpy of the liquid.
Hence, any enthalpy increase above saturation will result in
the storage of energy in a thermodynamically unstable state.
From this it is evident that, if, at a subsequent time,
vapor bubbles are nucleated, their rate of growth will depend
on the amount of liquid superheat,

2.2.2 Bubbly Flow--Superheated Liquid with Vapor Bubbles

(afo, I #o, i _=constant)
g £

For the case where the vapor enthalpy remains constant
at the saturation value, equation (2.2) indicates that part
of the energy which is transferred to the mixture is used
to increase the enthalpy of the liquid, if, whereas the other
r

g(

the degree of thermal non-equilibrium depends upon the mass

portion, -if), is used for vapor generation. Hence,

tg,sat

rate of vapor formation, Fg.
For vapor bubbles in a superheated liquid, Pg will

depend on (a) the rate at which bubbles will nucleate, and

(b) the rate at which bubbles will grow. The latter rate

depends upon the rate at which energy is transferred to the
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vapor-liquid interface. Note, that this heat transfer rate
depends on (a) the geometry of the interface, (b) the
transport properties of the liquid, and (c¢) the thermal and
flow fields in the liquid in the vicinity of the vapor-
liquid interface.

2.2.3 Bubbly Flow--Subcooled Liquid with Vapor Bubbles

(afo, Pg%o, ig=constant)

As in the previous example, equation (2.2) indicates
that a part of the energy which is transferred to the
mixture is used to increase the enthalpy of the liquid, if,

whereas the remainder, T ( ), is used for vapor

g ig,sat—if
generation. However, the characteristics of this type of
flow are different in that bubbles nucleate in a thin layer
of superheated liquid film near the wall and collapse in
the bulk subcooled liquid. Therefore, the amount of vapor
present depends upon the rate of vapor generation, that is,
heterogeneous nucleation, as well as on the processes of
evaporation and condensation.

Flows other than those considered above are discussed
in reference [22]. However, it can be seen from this brief

discussion that the rate of vapor generation per unit

volume, I' , determines the degree of thermal non-equilibrium.

2.3 The Formal Approach

The formal approach to the problem of thermal

non-equilibrium flows has been discussed in [3,12,23]. For
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a bubbly flow through a duct of constant cross section, the

mass flow rate of vapor passing the axial coordinate z is

given by
£ 2
G,(z) =2 [ m(z,z2')J(z')dz’ (2.5)
g A g
where
m(z,z') = mass of bubble at z that nucleated at z',
and which contributes to the vapor flux
at z.
J(z2") = rate of bubble nucleation per unit area

at z'
Differentiation of equation (2.5) results in the mass rate

of vapor formation per unit volume Fg

dG

- _ & Z dm(z,z"' ' '
r(z) = —& - I{ dn(2,27) r(z1)de (2.6)

The main problem associated with using the formal approach
to the thermal non-equilibrium problem is that there is no
accurate model available today with which to obtain (a) the
rate of heterogeneous nucleation, J(z'), (b) the nucleating
characteristics of the surface which affect J(z'), and (c)
the bubble growth and/or collapse law, m(z,z'). Because of
these difficulties, two approximation methods have been used

in the literature. These are considered below.
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2.4 Approximation Methods

For the case of subcooled boiling, and by assuming
that the vapor is at saturation, that is, in thermal
equilibrium, equations (2.1) and (2.2) for steady state flow

reduce to

P _ dx _ 5
5z (apgvg) - GaE— l"g (2.7)
Blf - - . qllwg
(l-u)pfvf 55 ™ rgflg,sat_ 1f) sl o (2.8)

It is noted that the quality, x, in equation (2.7) is the
true quality and not that which corresponds to thermal
equilibrium as defined by equation (2.4).

It should be noted also that in equation (2.7)
neither x nor Fg are known, whereas in eqﬁation (2.8) the
liquid enthalpy, if, and Fg are unknown. Thus, only two
equations are available which contain three unknown vari-
ables. The problem could be closed with the specification
of an appropriate constitutive equation of evaporation, Fg
However, because of the difficulties (noted in the preceding
section) in specifying Fg’ previous approaches were formu-
lated by assuming either a liquid enthalpy distribution in
equation (2.8), references [1,12,18] or a quality distri-
bution in equation (2.7), reference [13]. Both of these

approaches to the problem will be briefly reviewed.
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By considering the boundary conditions which the steady

state enthalpy of the liquid must satisfy, that is

di i -i Al
- g o 3 f _ “f,sat ") _ A
at z = A, ig = i, and —~ oy oy
eq
at z > », i = 1f,satand'jff'+ 0 (2.9)

The authors of references [12,18] postulated the following

axial enthalpy distribution

ialz)~1 ) i(z)-1
1£ *i = l-exp{-EE%J = l—exp{-i §i (2.10)
f,sat ~A < T
where the length, A&, is given by
GA (1 3
AR = X, <X = e EaS8E ) | (2.11)
eq q",&
From equation (2.10), and the definitions of quality
i(z]~if(z) '3 1)
X = = - .
T (2 1g(2)
and of equilibrium quality
ifzg)-1
X = fusat (2.13)

eq Aifg
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the following expression for vapor quality in subcooled

boiling was derived in [12]

c AT x_ Al
. 4 fg p_ " sub
x = c_ KT o | (234
1 + —%T—EEE exp{ - eﬁT £g . 1}
fg p~ sub

More recently, Saha [18] derived the following

expression for the net rate of vapor generation

-A
r = N 1-83p[-ae]] (2 .15)
g A&lfg AL

which was obtained from equations (2.8) and (2.10) by

introducing the simplifying assumptions

dig(z) _ dig(z)

(L] s—g=s & e (2.16)

and

(2 .17)

This expression for Pg was successfully used in reference

[18] to analyze the onset of thermally induced flow
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oscillations in boiling two-phase mixtures.

The second approach, that is, of specifying a quality
distribution was introduced by Levy [13]. In evaluating the
effects of thermal non-equilibrium, Levy postulated the

following quality distribution

x = x_ +E‘1§é—TS“—bexp{—;|"’§if—g- 1} (2.18)
4 1fg p~ sub

based upon the reasoning that it satisfied the following

boundary conditions

at z = A, X = 0 (2.19)

at z » w, X » X (2.20)

It is noted that if the denominator in equation (2.14)
is approximated by unity then equations (2.14) and (2.18)
become identical. For most cases in practical applications
this approximation is valid.
It was shown in [12,18,23] that both approaches, that
is, equation (2.14) and equation (2.18) when applied to
subcooled boiling were successful in predicting the steady

state vapor void fraction.
As can be seen, the approximation methods discussed

above can be justified only for the case of steady state flow.
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For the purpose of analyzing system oscillations, or
excursions in both flow and temperature, the above approach
is incomplete since the temporal variation of temperature
distribution is not known for transient flows. This is the
basic shortcoming which is common to all previous attempts
at specifying the constitutive equation of net vapor

formation.

2.5 Conclusions

The following conclusions are drawn from the preceding
discussion.

(a) The mass rate of vapor generation per unit
volume, Fg’ determines the degree of thermal non-equilibrium
and furthermore, depends upon the flow regime.

(b) A constitutive equation to predict Pg is not
available in the literature. Instead, two approximation
methods have been used. One is based upon an assumed liquid
enthalpy distribution, and the other is based upon an
assumed quality distribution.

(c) Both approximation methods were based upon

steady state considerations.
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CHAPTER III
FORMULATION

The purpose of the analysis presented below is to
develop a model which can be used to predict the net mass
rate of vapor formation per unit volume in both transient
and steady-state, thermal non-equilibrium (subcooled
boiling), two-phase flow. The model is based upon a specific
constitutive equation of evaporation, Fg. The selection of
the particular expression for Pg is guided by the tradi-

tional approach to chemical rate processes.

3.1 Model

The model considered is that for homogeneous flow.
Hence, the velocities of the vapor and of the liquid are
equal, and the following set of field equations govern the

flow

the continuity equation of the vapor

5% (px) + 52 (pxv) = r, (3.1)

the continuity equation of the mixture
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3p 0 s
we b (gv) = 0 (3.2)

the energy equation of the mixture

{22 + v 2L = M7 . 2R (3.3)
and the momentum equation of the mixture

23w = 2B« BT & gy (3.4)

av
0{5? TV o3z Dz 3z

where the effects of kinetic energy and potential energy
have been neglected. In addition, the following definitions
apply to homogeneous flow

the density of the mixture
%= 1-x, X (3.5)

where the fluid densities are specified by the appropriate

thermal equations of state
pg= pg(pyTg) and p, = p,(p,Ty) (3.6)

and the enthalpy of the mixture
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1 = [1—x)if + X1 (5.7)

g

where the fluid enthalpies are specified by the appropriate

caloric equation of state

if = if(p,Tf) and ig

Finally, the following constitutive equations are required

in order to complete the system

the wall heat flux

= ig(P,TgJ (3.8)

Q“w = Q”W(G,....) (3.9)

the rheological equation of state

T = TiByen a9 {3

and the constitutive equation for the net rate of

vapor formation per unit volume

g

The specific non-dimensional form of equation (3.11) will

be postulated as

o= T, (3.

= 1-T (3.

10)

11)

12)
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where the dimensionless liquid enthalpy is defined by

i(z)-i
it = - --%&i— (3.13)
fsSat A

the dimensionless net rate of vapor generation by

rt = & (3.14)

and the rate of vapor formation corresponding to thermal
equilibrium, Qﬂ? is given by equation (2.3). The selection
of the form of equation (3.12) was guided by the traditional
approach to chemical rate processes and corresponds to a
first order rate equation in that approach.
Equations (3.1) through (3.10) and equation (3.12)

constitute a set of thirteen equations in fourteen unknowns

By Xy Wy Fg, i, Q”w, P> Ty Pgs P
Hence, the above set of equations is not closed. For the
particular problem of interest (i.e. non-equilibrium,
subcooled boiling), the assumption is made that the gas
phase enthalpy, ig’ is constant and equal to the saturation

value, i.e.

g 1g,sat = constant (3.15)

i
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Although this assumption closes the problem, the system of

equations remains coupled.

3.2 Decoupling of the Governing Equations

For many problems, in particular, subcooled boiling,

the assumption is made of constant fluid densities, i.e.
P£ 7~ Pf sat and Pg = Pg,sat (3:16)

This simplification is based upon two conditions. Firstly,
it has been shown in [10,11] that for low frequency oscil-
lations, fluid densities remain approximately constant.
Secondly, for the case where total pressure drop is small
compared to the system pressure, the saturation state changes
very little. Furthermore, the temperature range of interest
for most operating systems is small enough so that the effect
of thermal expansion on the liquid is negligible.

For the above assumption, it can be seen from equation
(3.5) that the mixture density is then a function of quality
only since the constituent fluid densities are constant,
1.8

1 1-X% X
= + (811 )
e (x) pf,sat pg,sat

Ol

Furthermore, for small system pressure variations, i.e.
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(3.18)

the above assumption permits the mixture momentum equation

(3.4) to be decoupled from the governing set of equations.

Hence, in view of equations (3.15), (3.16), (3.17) and

(3.18) the decoupled system becomes

the continuity equation for the vapor

- - Fg Ap

Pg,sat Pf,sat

o
U]L‘:
o

the continuity equation for the mixture

r
= g Ap

pg,sat pf,sat

Q2
<

LB
3

the energy equation for the mixture

the density of the mixture

.]_' = 1-x + %
P

pf,sat pg,sat

(3.19)

(3.20)

(3.21)

(S5d)
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the wall heat flux

4", = 4" (G,....) (3.9)

and the constitutive equation for the net rate of

vapor formation per unit volume

dar_ _ q.p* (3.12)

Hence, this is a set of six equations in six unknowns

P, X, V, Tg’ 1, q”w

In what follows, the model presented above, and in particular
the constitutive equation for the net rate of vapor forma-
tion, equation (3.12), will be solved in order to obtain the
density of the mixture and hence the quality of the vapor.
With the mixture density and mixture velocity known, the
momentum equation, that is, equation (3.4) may then be
integrated directly.

In order to test the model, the vapor quality will be
used to obtain the void fraction, a, by the method of ([12].
The point of net vapor generation, A, will be predicted by

using the general correlation of [18,19].



50

3.3 Mixture Density and True Vapor Quality

The following quantities are introduced to the

analysis

the dimensionless mixture enthalpy

i(z)=1
it o= . L (3.22)
T

the dimensionless mixture density

A — (3.23)

the net rate of vapor formation based upon equilibrium

theory

qll
Feq = ‘&—l—;—}x (3.24)

the equilibrium frequency of evaporation

Fe Ap
Qg = 3 q = ’ [3.25]
4 g,sat "f;sat

the dimensionless time

tT = to (3.26)



the dimensionless length

the dimensionless mixture velocity

and the dimensionless Subcooling number [10,18]

I ap

Pg,sat

N = f,sat”
s ﬂlfg

Hence, the dimensionless form of equations (3.19) to (3.

aTre

1l Do _ +
T s & =0
p Dt

v’ +
- =T
9z

DT 1

Dt+ Ns
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(3.27)

(3.28)

21)

(3.29)

(3.30)

(3.31)

(3.32)
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one obtains
it = —gn(1-7H) (3.33)

Substitution of (3.33) into (3.31) results in

o Dan(1l-T1)

N - (e (3
s Dt’
From (3.29)
: Dp+ = 1 (3.35)
+_ 4+ + -
e I' Dt

Equating (3.34) and (3.35)

+ +
~l7 Dp+ = i, i Dgn(f‘r ) (3.36)
+% Dt Dt
p
or
+ + +
Qiléﬁj = N, “E*T DT+ (3.37)
Dt 1-T" Dt

Hence, following the center of gravity of the mixture,
equation (3.37) may be integrated from the point of net

vapor formation, X, where



D+ = P -, rt & g

pf,sat

to some point downstream where

+ +  _F +
p = p oy L =T
Therefore,
+ +
¢ ) *
i d(-%) =N, [ i ~ dr’ (3.38)
1 P o] o=
or
1 + -
— = 1 =N_1 - rr-an(1-r)] (3.39)
P 0
or
& - 1=N_[-T"-an(1-1)] (3.40)
P

whence is obtained the expression for the density of the

mixture (valid for the homogeneous flow model)

A
=N
i

L 1-N_[r"+2n(1-T7)] (3
D

In order to obtain the true vapor quality it is noted that,

in conjunction with equations (3.23) and (3.17), equation
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(3.41) may be rewritten as

x =28 = N_ [tn —2; - 7] (3.42)
Pg,sat 1-T
or, in view of (3.33)
Ap _ e g z
X ——— = N_[i - (l-e )] (3.43)
pg,sat .

Substitution of (3.22) and (3.28) for the dimensionless
quantities i" and NS results in the following expression

for the true vapor quality

i(z)-1 i -1 i(z)-1i
5 o £ sat figat Aexp[-- §£'] (3.44)
lfg Lfg 1f,sat 2
Now since
% _ i(z) lf,sat (3.45)
eq Aifg '
and
if,sat_lk - CpATsub (3.46)
Alfg ﬁlfg

and
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i(z)-1 Al
i = Y—___”%T_ - e T**nigffﬁ ol (5.47)
f,sat ' 9 e, sat

¢, AT Al
= p~_sub } z
b Xeq + ﬁifg exp[-1 xeq 2 &rsub] (3.48)

It should be noted that this expression for the true vapor
quality (which was obtained from the model presented in

section 3.1) is identical to the expression which was

postulated by Levy [13].

One additicnal point is made here. From equation

£5:9%2)

which, in dimensional form becomes

q"wg 1(2)“].)\
F = - [l-exp{- T _'"”'-_'"‘—‘}] (3-49)
g Alng le,sat™ 1

Since, for steady state

i(Z)‘lA 23

1A A

1f,sat~
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it can be seen that equation (3.49) reduces to the formula-
tion of Saha [18], i.e. equation (2.15), for steady state

flow.
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CHAPTER IV
COMPARISON WITH EXPERIMENTS AND DISCUSSION

Since an expression for the true vapor quality is
available, one can use the relationship presented in [12,23,

3,18] to evaluate the vapor void fraction

X

<> = V [4-1)
. p
C _‘Q.E X -+ [C + __g.J_] _g
0 Pg O Vgit Pg

where the weighted mean drift velocity for upward bubbly

churn flow is calculated from
V . = 1.41 [984p;1/4 (4.2)
gJ sz

the distribution parameter, Co’ by

_ <a'>
0 <a><]>

(4.3)

and the true vapor quality from equation (3.48). It was

recommended in [12] that, in the absence of accurate
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experimental data a value of CO = 1.13 for circular geometries
be used in equation (4.1) for predicting the area average

void fraction, a. That value will be used in the present

work in order to predict the vapor void fraction.

The point in a duct where significant voids first
appear is defined as the point of net vapor generation
[18,19]. A new method for accurately predicting this point
has been developed in [18,19], and will be used in the
present work in order to establish a starting point for the

axial void fraction distribution. The results are

“ M‘sub q”w Dh
£y = - 'EE“‘_ = -0.0022 — it (4.4)
fg - Pfsattleg B
if Pe < 70,000
and
C_AT q"
x = - _§€_§EE = - 154 S Vl (4.5)
g Pf sattleg Vi
if Pe > 70,000
where the Peclet number is defined as
(G D, “pg)

f,sat
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Hence, the axial position of net vapor formation, Zy is

% fiﬁii& (4.7)
Q"

The predicted results are compared with various
experimental data in Figures 11 through 13. The data and
predictions are plotted versus equilibrium quality, xeq’
in order to highlight the large errors which can result from
using a strictly equilibrium approach toward predicting vapor
void fraction. As can be seen from Figures 11 through 13,
local vapor void fractions in excess of 30% have been
measured in the region of subcoocled boiling.

It is evident that the agreement between the theoretical
prediction and the available experimental data is quite
satisfactory. This seems to validate the present model and
the constitutive equation of net vapor generation, Tg,

postulated in this thesis.
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Figure 11. Comparison Between Predicted and Measured Vapor
Void Fraction. Data of Martin [28].

0.3 | e [ | T 1
Water, 12.1 mm I.D.

P = 98 bar 6 2
0.6/G = 2,48 x 10, kg/m“jr n
g"= 0.50 x 10 kcal/m
hr

0.4 Pe = 89,290

,,)”,, € = 1,13
(o]
| | | %5 {

0
-0.10 -0.05 0 0.05 0.10 0.15 0.20
: X
eq

<>

Figure 12. Comparison Between Predicted and Measured Vapor
Void Fraction. Data of Lobachev, et al. [29].



61

Freot - 22' Run No. IV-§-6 '
P = 15.55 bar

0-6-6 = 0,65 x IOE kg/mzhr/"'o._.
g=1.73 x 10 kﬁalfwz

Pe = 30,222

C = 1.13
o

L ] ] ]
-0.05 o 0.05 0.10 015 0.20 0.25

X
- . eq

Figure 13. Comparison Between Predicted and Measured Vapor
Void Fraction. Data of Staub, et al. [30].
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CHAPTER V

CONCLUSIONS

The following conclusions can be drawn:

(1) the postulated constitutive equation of net
evaporation is given by a first order rate equation, valid
for both steady state and transient flow.

(2) wusing this constitutive equation in conjunction
with the field equations for the homogeneous flow model,
expressions for mixture density and true vapor quality were
derived.

(3) good agreement is shown between predicted void
fractions (based on the model) and experimental data for

subcooled boiling.
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APPENDIX A
MARTINELLI-NELSON CORRELATION

Lockhart and Martinelli [14] have developed a procedure
for calculating the frictional pressure gradient of an
adiabatic two-phase flow of air and various liquids at
atmospheric pressure.

For the prediction of pressure drop during forced
convection boiling, Martinelli and Nelson [15] postulated
that the flow regime would always be turbulent--turbulent
for the purpose of extending the Lockhart-Martinelli data
[14]. Their model is based upon the following assumptions:

i) the validity of extending the Lockhart-Martinelli
curves [14] of ¢ftt Versus X, for flow of air
and various liquids to boiling water.

ii) the validity of a point to point evaluation of

dp ‘o 5 ,
¢ftt and (35 F)g, and their integration.

iii) the validity of extrapolating curves of ¢ftt
and @ to the critical point.
iv) that the relationship between mass quality and
length is linear (i.e. the assumption of thermo-
dynamic equilibrium between phases).

From these assumptions, Martinelli and Nelson constructed

their results as follows:
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i)} the local value of ¢f02 was plotted versus
local mass quality xeq and various pressures as
shown in Figure 14. The curves at pressures
between the atmospheric and critical pressures
were established by trial and error using the
data of Davidson [6] as a guide.

1 =4
ii) The overall value of — [ Oy dx, . Was

eq
eq o
evaluated graphically from Figure 14 and

2

plotted versus exit quality and pressure as
shown in Figure 15, by assuming that the relation-
ship between Xeq and z is linear (corresponding
to the case of uniform wall heat flux along with
thermodynamic equilibrium).
The frictional component of pressure drop is thus
evaluated from the Martinelli-Nelson correlation. From the

expression for the separated flow model

fe6%2, 1 Ted
_[’5p)fric = prDh X’eq g d)fo dxeq (1.8)
X

1 a2
where the value of - i %o dxeq is obtained from

eq o
Figure 15 at the value of reduced pressure 52, for the data

c

being evaluated.
Prediction of void fraction is likewise required in
order to evaluate both the acceleration and gravitational

pressure drop from the separated flow model. Martinelli and
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Nelson utilized the Lockhart-Martinelli correlation for
void fraction, and constructed curves of void fraction
versus equilibrium mass quality and pressure in the same
manner as for the frictional correlation. Their results are
shown in Figure 16.

In order to ease computation of the separated flow

model acceleration pressure drop,

(0P goger = = ) ¢ 2 - ) (1.9)
values of the bracketed term in equation (1.9), designated
T, have been evaluated using the values of void fraction
in Figure 16. These values are shown in Figure 17 as a
function of pressure with exit equilibrium mass quality as a
parameter. As with the frictional term, the Martinelli-
Nelson curve is entered at the value of reduced pressure
for the data being evaluated.

Finally, in order to evaluate the gravitational

pressure drop,

. x
gpf2951n8 eq o
-(ap), = —=——— [ [(-a) + £ ajdx (1.10)
g Xeq o Pe eq

it is necessary to use the void fraction correlation

presented above. In the present thesis, the above integral
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was determined graphically, where the integrand of equation

(1.10) was evaluated by use of Figure 16.

Baroczy Correlation

Experimental data subsequent to the development of the
Martinelli-Nelson correlation have indicated that the
values of ¢f02 are mass-velocity dependent [9]. Data which
show this effect are given on Figure 18 [9]. Recent attempts
to correct existing models for the influence of mass
velocity on the friction multiplier, ¢f02, include one
proposed by Baroczy [2].

In his method, Baroczy employs two sets of curves
which were derived from wide ranging experimental data (mass
flux, fluid properties, heat flux, mass quality). The first
is a plot of the two-phase frictional multiplier ¢f02 Versus
a fluid physical property index ((;EJO.Z g%) with mass

g
quality as a parameter for a reference mass velocity of

8 lbmfhr-ft2 (Figure 19). The second is a plot of

10
correction factor, Q, expressed as a function of the same
physical property index for mass velocities of .25, .50,
2.0, and 3.0 x 10° 1bm/hr-ft2 with mass quality as a
parameter (Figure 20). The purpose of the second plot is to
correct the value of ¢£02 obtained from Figure 19 to the
appropriate value of mass flux. Baroczy attributes the

whimsical fluctuations in the curves of Figure 19 as

representing changing flow patterns. Thus
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d fe8°
(@ gric ZoD; *fo (G = 10% 1bm/nr-£2%)" (1)
Hence
i be
£s.6"2 e
fo~ “e L
“(AP) frse = 6 2dx (A.2)
fric © T Dpx. .7, Of V5o (6 = 109)%%%eq
where
dxeq dz ‘o
dz = dz dx
dz dxeq (Xeq)e eq
since
dz _ ‘e
dxeq (xeq)e
for the thermodynamic equilibrium model.
The integral of equation (A.2) was determined
graphically by constructing a curve of ¢f02[G=106)Q
versus equilibrium quality, Xeq' The frictional pressure

drop as estimated by the Baroczy method was thereby deter-
mined. In accordance with current practice [4], the

gravitational and accelerational pressure drops are calcu-
lated from the Martinelli-Nelson method. The results are

exhibited in Tables 1 through 28.
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Prediction of Vapor Void Fraction

As shown in [12,23] the average void fraction can be

expressed in general as

X
<a> = (A.3)
XA o p vV .
Co[ P, g] + _8 8

pf Df G

where C0 is the distribution parameter which corrects the
one-dimensional homogeneous theory to account for the fact
that concentration and velocity profiles across the channel
can vary independently of one another. A value of CO = T l3
has correlated well with previous data without reference to
the flow pattern, and was used in the present evaluation.
The mass quality, x, in equation (A.3) is the true
vapor quality. This was obtained in [12,23] from the
postulation of a dimensionless enthalpy distribution to

account for thermal non-equilibrium

iz{2) -1 i(z)-i
B = 2 - 1-expt- 2y (A.4)
f,sat “£fA f,sat “fx
where if,sat and ig, are the liquid enthalpies at saturation

and at the point of initial vapor formation respectively.

By using the standard definition of true mass quality



77

i(z)-ig(z) 20
X = = : Fa
1g(z)~1f[z)

and of equilibrium quality

1te)~1s
- f,sat
xeq &ifg (A.6)

equation (A.4) becomes

Ai (=%, .) o S |
L# & ﬁfg l-iq = l~exp{-ceﬁT e - 13 (A7)
p~ sub p~ " sub
whence
& AT x,_ Al
X * B, Sub exp {- —= fg . 1}
eq A1 c. A
¢ ATsub xecﬁlf )
L+ Gy e {- = - 1)
fg P~ " sub

In order to close the problem, it is necessary to predict
Zy s the point of net vapor generation.
In his Ph.D. thesis, Saha [18] has developed a
general correlation which can predict accurately the point
of net vapor generation for all mass flow rates, His results

are
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o ﬂTsub q”w Dh

Ky # ooode ol # 20,0022 ' — L iE P, 2 70,000 (A.9)
fg PgAleg 2f

- -154 WL if P_ > 70,000 (A.10)

Pebles Ve 5

>

where the Peclet number is

n. ©
P = ° Jh Pr EA11)
e Ef :
and all fluid properties are saturation values. From

equations (A.9) and (A.10) the axial position for the point

of net vapor formation can be determined as follows

X, WAL
PO .- -1 (A.12)

A
qn.wg

The above non-equilibrium formulations were utilized
in conjunction with the Armand-Lottes-Levy model of the
mixture friction factor (to follow), to integrate the
mixture field equation (1.12).

Mixture Friction Factor

If one considers the entire liquid flow to be confined
in a film with a smooth interface, and if one neglects
gravitational and accelerational forces, a force balance on

the combined phases, and then on the vapor phase yields [4]
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2 .
bgt = (A.13)
(1-a)
This expression reduces to
f o= g, om o (1-x2 (A.14)
m T g 1-a x

where ff is the single phase friction factor assuming the
liquid phase alone to be flowing in the channel.

From the assumptions used in deriving (A.14), it can
be seen that the model is applicable only to steady,
isothermal, axisymmetric, horizontal flow, with a planar
interface between phases. However, the expression is often
utilized in practical applications.

Integration of Mixture Model Terms

As pointed out in 1.2.3, certain terms in the simpli-
fied mixture momentum equation are integrable only after
one specifies the equations for void fraction and mixture

friction factor. Hence,

€ e
“BPorav [ grpdz = g é {pe(l-a) + Oga}dz

z 2 z

e f £ G e
" - m 2 - £ 1-x.2
APeric [ éﬁ; 0V 42 7o £D, £ (TT&) ds
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where the various terms have been previously defined. The
equation for void fraction, o, has been given by (A.3),
and that for true vapor quality, x, by equation (A.8).

The length of two-phase flow in the channel according to

this non-equilibrium model is determined according to

2o = (L~zeq) + Zy
where zy 1s given by equation (A.12). Hence, the non-
equilibrium model length for two-phase flow is the sum of

the equilibrium length and the difference in the length
between the point of net vapor generation for non-equilibrium

and equilibrium flow.
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Table 1. Results of Predictive Methods
and Experimental Data
System pressure = 150 psia Inlet temperature = 243.5°F
Mass flux = 1200809 1bm/hr-ft2 Inlet Reynolds number = §3780
Heat flux (wall) = 12273 Btu/hr-ftz Room temperature = 74°F

Predictive Methods

Model Viscosity-x 10° apa &pg ﬁpf Total-aP
b _/ft-sec psi psi psi psi
Homogeneous .1475 (1) .031 .119 .021 L171
.1483 (2) .022 e Xl
.1491 (3) 22 T2
.1521 (4) 22 I |
Martinelli-Nelson 031 +118 .028 177
Baroczy 0351 .118 .026 w275
Armand-Lottes-Levy
Equilibrium model: .025 .120 023 « Q7
Non-equil. model: .065 JTH2 .156 .983
Experimental Pressure Drop o o
Axial Coordinate P. =Py Total AP
feet psi chart divisions psi
1
2 o T3 1,0 o A
3 -+ 673 -1.0 =1, 346
4 -.676 “D.5 -2.022
> -.666 -2.0 -2.688
6 -.684 05 5. 572
7 -.695 2.0 -4.067
8 -.691 1.5 -4.758
? -4 673 140 -5.431

Equilibrium Model Non-Equilibrium Model
Axia] position of net
vapor formation: 8:.77 £t. 7: 48 Ft:

Exit mass quality: L0061 L0163
Two-phase pressure drop: -.156 psi -1.032 psi
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Table 2. Results of Predictive Methods
and Experimental Data

System pressure = 150 psia Inlet temperature = 243,5°F
Mass flux = 1200800 1bm/hr-ft2 Inlet Reynolds number = 63780
Heat flux (wall) = 14125 }".%tl.l/lflr-ft2 Room temperature = 74°F

Predictive Methods

- Viscosity x 10° AP, aP AP, Total AP
1b /ft-sec psi psi psi psi
Homogeneous L1475 1y 210 . 567 .163 .940
1528 (2) .164 .941
.1590 (3) LGS .942
.1788 (4) .167 .944
Martinelli-Nelson .242 +552 .259 1.053
Baroczy .242 392 252 1.046
Armand-Lottes-Levy
Equilibrium model: .161 .596 .197 . 953
Non-equil. model: sd 77 1.198 357 1,733
Experimental Pressure Drop -
Axial Coordinate Pi - pi—l Total AP
feet psi chart divisions psi
1
2 -.669 =¥ oS -.669
3 w Q1S =140 -1.342
4 -.669 ~%s S S BT
5 ~+713 4.5 “Z 124
6 -.647 -4.,5 -3. 571
7 -.702 5.0 -4.073
8 -.684 0.5 =&, V57
9 w651 -4.0 -5.408
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 7.62 ft. .53 £t
Exit mass quality: .0418 L0465

Two-phase pressure drop: -.012 psi -1.805 psi



Table 3.

and Experimental Data

System pressure = 150 psia

Mass flux = 1200809 1bm/hr—

£t

Results of Predictive Methods

Inlet temperature =

Inlet Reynolds number

Predictive Methods

84

243, 5%8

= 63780
Heat flux (wall) = 15838 Btu/hr—ftz Room temperature = 74°F

“Total aP

ool Viom e 10T M e
m psi Psi PS]. ps1
Homogeneous .1475 (1) .376 W 313 1.465
1573 (2) 315 1.467
.1688 (3) oL B 1.470
.2034 (4) .326 1.478
Martinelli-Nelson .360 .764 535 1.659
Baroczy .360 .764 w5 1.669
Armand-Lottes-Levy
Equilibrium model: 273 .840 .421 1.534
Non-equil. model: +282 1.429 . 596 2307
. Experimental Pressure Drop
Axial Coordinate Pi - pi—l Total AP
feet psi chart divisions psi
1
2 -.676 -0.5 -.676
3 = ;673 =1 -1.349
4 = a3 «1.0 -2, 022
5 <.073 «1.:0 -2.695
6 -.695 2.0 -3.390
7 -.687 1.0 -4.077
8 -.680 0 -4.757
9 -.680 0 -5.437

Equilibrium Model

Axial position of net
vapor formation:

Exit mass quality:

Two-phase pressure drop:

.0748

(TR I

-1.502 psi

5.81 £t.

0775

-2.391 psi

Non-Equilibrium Model
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Table 4. Results of Predictive Methods
and Experimental Data
System pressure = 150 psia Inlet temperature = 243.5°F
Mass flux = 120080C lbm/hr—ftz Inlet Reynolds number = 63780
Heat flux (wall) = 18274 Btu/hr~ft2 Room temperature = 74°F

Predictive Methods

o Viscos{ty x 103 &Pn &Pg an Total AP
lbm/tt-sec psi psi psi psi
Homogeneous .1475 (1) .611 .924 . 545 2.080
.1642 (2) : 555 2.088
.1837 (3) .561 2.096
B85 (4) .580 2.115
Martinelli-Nelson . 521 .931 . 994 2.446
Baroczy . 528 + 931 1.0565 2507
Armand-Lottes-Levy
Equilibrium model: .414 1.034 .818 2.267
Non-equil. model: .419 1.611 1.008 3.038
Experimental Pressure Drop
Axial Coordinate Pi - piﬂl Total AP
feet psi chart divisions psi
1
2 ~ 07D =%a 0 =073
3 -.680 0 “lw3as
4 -. 673 -1.0 -2.026
5 -.680 0 -2.706
6 -.680 0 -3.386
7 =, 595 .0 -4.081
8 =50 02 3.0 -4.783
9 ~+ 095 2.0 -5.478
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 588 £t 4.6 ft.
Exit mass quality: L1217 .1232

Two-phase pressure drop: “2udb¥ psi -3.043 psi
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Table 5. Results of Predictive Methods
and Experimental Data

System pressure = 150 psia Inlet temperature = 243,5°F
Mass flux = 1200809 lbm/hr-ft2 Inlet Reynolds number = 63780
Heat flux (wall) = 20762 ]B'tu/hr-ft2 Room temperature = 74°F

Predictive Methods

Seeiic Viscosity x 10° AP, AP AP, Total 4P
lbm/ft—scc psi psi psi psi
Homogeneous .1475 (1) .852 . 986 .800 2.638
« 1719 (2) . 815 2.654
.2003 (3) « 832 2., 070
L2744 (4) .867 2.705
Martinelli-Nelson .685 L. 021 1.512 3.218
Baroczy .685 1.021 1.653 3.359
Armand-Lottes-Levy
Equilibrium model: . 541 1.138 1.288 2.968
Non-equil. model: .543 1.705 1.490 3.740
o Experimental Pressure Drop o
Axial Coordinate Pi - Pi-l Total AP
feet psi chart divisions psi
1
2 =y @7 “1.0 -.673
3 wig L «0.5 -1.349
4 -. 680 0 -2:029
5 < 673 -1.0 -2 702
6 -.684 0.5 -3.386
7 -4 120 5.5 -4.106
8 . T51 Tl -4.837
9 -.745 8.0 ~§ 582

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 5.18 ft. 3.89 ft.

Exit mass quality: .1697 .1706
Two-phase pressure drop: -2.75% psi ~3.625 psi
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Table 6. Results of Predictive Methods
and Experimental Data
System pressure = 175 psia Inlet temperature = 265°F
Mass flux = 1168362 ]J%n/hr-ftz Inlet Reynolds number = 67740

Heat flux (wall) = 10161.‘Btu/h1“-ft2 Room temperature = 80°F

Predictive Methods

Vodel Viscosity x 10° &P, 8P, 4P,  Total AP
1bm/ft—sec psi psi psi psi
Homogeneous .1370 (1) .040 L211 .039 .290
+1382 (2) .039 .291
.1396 (3) .039 sk
.1448 (4) .035 . 291
Martinelli-Nelson . 0458 21 .05 .308
Baroczy .049 .21 . 047 .305
Armand-Lottes-Levy
Equilibrium model: .033 .214 .041 . 287
Non-equil. model: . 057 . 845 .167 1.069
Experimental Pressure Drop o
Axial Coordinate Pi - pi—l Total AP
feet psi chart divisions psi
1
2 =« 851 =3 oD - +651
3 -.640 =5.0 -1 :29%
4 =+ 055 -3.0 -1.946
5 -.648 -4.0 ~-2.594
6 -.669 -1.0 ~-5.263
7 = 77 0 -3.940
8 - o677 0 -4.617
9 <.Bll 9,0 -5,778

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 8.57 f£t. 7. 28 ft.

Exit mass quality: .0101 .0179
Two-phase pressure drop: ~-,263 psi -1.097 psi
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Table 7. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 265°F
Mass flux = 1168362 ]i%n/hr~ft2 Inlet Reynolds number = 67740
Heat flux (wall) = 11945 Btu/hr-ft2 Room temperature = 80°F

Predictive Methods

—— Vi§;0§;:¥52c103 &?é ﬂPg QP? TotallaP
m psi psi psi psi
Homogeneous L1370 (1) .189 . 696 .190 1.074
.1427 (2) b Bl L0785
.1498 (3} v187% Y077
1736 (4) .196 1.080
Martinelli-Nelson . 208 .678 .296 1.182
Baroczy .208 .678 «Z285 Tl
Armand-Lottes-Levy
Equilibrium model: 145 <128 227 1.100
Non-equil. model: «155 1.330 <371 1.856
Experimental Pressure Drop S
Axial Coordinate Pi - Pi—l Total AP
feet psi chart divisions psi
1
2 ~ 651 S -.651
3 -.637 =Byl -1.288
4 - 855 =3 -1.945
5 “ g -3.0 =2.598
6 -.669 =1l -3, 267
7 -.669 =i -3.936
8 -.648 -4.0 -4.584
9 -.590 s I o0 -5.174
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 7.29 ft. b« 00 £t
Exit mass quality: L0471 .0504

Two-phase pressure drop: -1.049 psi -1,905 psi
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Table §. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 265°F
Mass flux = 1168362 lbm/hr-ft2 Inlet Reynolds number = 67740
Heat flux (wall) =13873 Btu/hr-ft2 Room temperature = 80°F

Predictive Methods

et Vi ?Eoiif?fgzclgs AI’;;1 M’g xfl\.Pf Total _&P
O : psi psi psi psi
Homogeneous .1370 (1) .349 .048 .364 1.661
.1480 (2) .368 1.664
.1616 (3) 372 1.668
.2048 (4) B8 3 1.680
Martinelli-Nelson . 319 . 933 .611 1.863
Baroczy .319 .933 .625 1.877
Armand-Lottes-Levy
Equilibrium model: .255 1.022 .485 1.761
Non-equil. model: .259 1.611 .0640 2.510
Experimental Pressure Drop o
Axial Coordinate Pi - Pi_1 Total AP
feet psi chart divisions psi
1
2 - G55 =340 =i« @85
3 -.640 < Sl o
4 -.662 -2:0 o L
5 - 655 3.0 - 2612
6 -.666 1.5 “5. 278
7 - Db 3.0 »35; 933
8 -.633 -6 .0 -4,566
9 -+ 615 =B85 5. 181

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 6:28 ft. 4.99 ft.

Exit mass quality: .0871 .0888
Two-phase pressure drop: -1.721 psi -2.576 psi



90

Table 9. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 265°F
Mass flux = 1168362 lbm/hr—ftz Inlet Reynolds number = 67740
Heat flux (wall) = 15945 Btu/hl‘—ft2 Room temperature = 80°F

Predictive Methods

i Viscosity x 10° 4P, AP, AP, Total AP
lbm/ft—sec psi psi psi psi
Homogeneous +1370 (1) 521 1. 076 +558 2.157
.1540 (2) 567 2165
.1754 (3) .- 2.174
2383 W .600  2.198
Martinelli-Nelson L4389 1.086 .979  2.505
Baroczy .439 1.086 1. 08 2.531
Armand-Lottes-Levy
Equilibrium model: . 361 1:192 .810 2.364
Non-equil. model: .363 1.772 . 975 Soddd
Experimental Pressure Drop
Axial Coordinate Pj - Pi-l Total AP
feet psi chart divisions psi
1
2 -, 659 ~3%:D 050
3 -.644 -4.5 -1.303
4 -.662 ~2.0 -1.965
S «5 6585 ~3540) -2.¢620
6 -.0662 =250 =B B
7 -.640 =50 ~ 3922
8 -.648 -4.0 -4.570
9 =620 7% 0 -5 196

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 5.46 ft. 417 £t

Exit mass quality: «£301 ki (b
Two-phase pressure drop: -2.270 psi -3.118 psi
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Table 10. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass £lux = 1987725 1b_/hr-ft° Inlet Reynolds number = 115606
Heat flux (wall) = 20452 Btu/}nf~ft2 Room temperature = 73°F

Predictive Methods

- Viscosity x 10° AP, AP, 6P, Total 4P
lbm/Ft~sec psi psi psi psi
Homogeneous . 1370 (1) .643 785 .587 2.016
.1438 (2) . - 2,019
1542 (3) .595 2.024
.1802 (4) . 608 2.037
Martinelli-Nelson .0679 .765 936 2.38
Baroczy .679 . 765 .780 2.224
Armand-Lottes-Levy
Equilibrium model: .504 .823 il 28 2.054
Non-equil. model: .526 1.421 1.104 3.050
Experimental Pressure Drop
Axial Coordinate Pi - P Total AP
feet psi chart divisions psi
1
2 ST 10.0 = 3
3 ~, 735 P 5 -1.488
4 =« 750 9.5 ~2+258
5 -.782 14.0 -3.020
6 -.826 20.0 -3.846
7 - L3 32.0 = 759
8 -.876 27. 0 %5, 655
9 <, 818 29.0 -6.453

Equi librium Model Non-Equilibrium Model
Axial position of net
vapor formation: 7.00 ft. 5.71 Et:

Exit mass quality: .0555 .0D581
Two-phase pressure drop: -1.695 psi -2.846 psi
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Table 11. Results of Predictive Methods
and Experimental Data
System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 1bm/hr—ft2
Heat flux (wall) = 22953 Btu/hr-ft2 Room temperature = 73°F

Inlet Reynolds number = 115606

Predictive Methods

- Viscosity x 10° 4P, ap, 4P, Total 4P
lbm/ft-sec psi psi psi psi
Homogeneous .1370 (1)  ,997 . 965 B8 2 2.894
.1478 (2) . 941 2. 003
#1013 (3) . 951 2.914
. 2039 (4) .981 2.943
Martinelli-Nelson . 915 . 951 1.565 3. 431
Baroczy . 915 . 951 1.338 3.204
Armand-Lottes-Levy
Equilibrium model: .749 1.033 - 1.262 3.044
Non-equil. model: . 762 L.62% 1.658 4.041
Experimental Pressure Drop _
Axial Coordinate Pi - pi—l Total AP
feet psi chart divisions psi
1
2 -.746 9.0 -.746
3 -.768 8.0 -1.514
4 -.746 9.0 -2 269
5 -.797 16.0 =3 D57
6 -.866 25: 5 =3 925
7 -.924 35.5 -4.,847
8 -.873 6.5 -5.720
9 -.818 19.0 -6.538

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: b, 24 £t 4.95 ft.

Exit mass quality: . 0860 .0876
Two-phase pressure drop: -2,396 psi «3.521 psi
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Table 12. Results of Predictive Methods
and Experimental Data

System pressure =175 psia Inlet temperature = 266°F

Mass flux = 1987725 lbm/hr-ft2 Inlet Reynolds number = 115606
-3

Heat flux (wall) = 25598 Btu/hr-ft“ Room temperature = 73°F

Predictive Methods

i Viscosity x 10° AP, op, AP, Tota]_aP
b _/ft-sec psi psi psi psi
Homogeneous 1370 ()l 1.371 1.073 1.306 3750
w023 (2) 1.324 3.768
| U7 . (3) 1.344 5.788
<2290 (4) 1.396 3.840
Martinelli-Nelson 1.176 1.071 2.274 4.521
Baroczy 1.176 1.071 1.989 4,236
Armand-Lottes-Levy
Equilibrium model: . 989 1.170 1.500 4.060
Non-equil. model: +997 1,751 2315 5.063
Experimental Pressure Drop -
Axial Coordinate P.l - pi—l Total AP
feet psi chart divisions psi
1
2 iy 480 9.5 -.750
3 ~i, 1.7 10 .2 -1.507
4 -,760 11.0 ~2, 267
5 +s833 19.0 =3.100
6 -.884 28.0 -3.984
7 -5 20 33.0 -4.904
8 -.869 26.0 -5, 773
9 -.746 9.0 -6.519
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: o8 Tt 4. 20 £t
Exit mass quality: L1183 .1193

Two-phase pressure drop: -2.895 psi -3.998 psi
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Table 13. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 lbm/hr~ft2 Inlet Reynolds number = 115606
Heat flux (wall) = 28387 Bt‘.u/hr—ft'2 Room temperature = 73°F

Predictive Methods

il Viscosity x 103 &Pa JSPg L‘.Pf Total AP
lbm/ft—sec psi psi psi psi
Homogeneous 1370 (1) 1.766 1.133 1.709 4.608
.1574 (2) 1.740 4,639
L1829 (3) 1:773 4.672
« 5080 (4) 1.853 4.752
Martinelli-Nelson 1.446 1.150 3.049 5.644
Baroczy 1.446 1.250 2.725 Pk |
Armand—Lottestevy
Equilibrium model: 1.222 1.259 2633 5:115
Non-equil. model: 15440 1.834 3.066 6.128
Experimental Pressure Drop S
Axial Coordinate Pi - Pi-l Total AP
feet psi chart divisions psi
1
2 -.753 10.0 <] .5
3 <l 7 10.5 -1.510
4 -.789 15. 8 -2.299
5 2, BB 24.0 =3 154
6 -+ 905 3150 -4.059
7 = S20 3355 0 -4.979
8 -.818 19.0 =B 97
9 -.789 5.0 -6.586

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 5.04 ft. 3.76 ft.

Exit mass quality: : 1525 1580
Two-phase pressure drop: -3,394 psi -4.482 psi
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Table 14. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 1b_/hr-ft° Inlet Reynolds number = 115606
Heat flux (wall) = 31320 Btu/hr-ft2 Room temperature = 73°F

Predictive Methods

vodel Viscosity x 10° AP, AP, 6P, Total 4P
1b_/ft-sec psi psi psi psi
Homogeneous w7 Ry 2380 1.163 2.140 5.483
-1631 [(2) 0 5331
.1958  (3) 2.240 5.583
.2833 (4) 2353 5.696
Martinelli-Nelson Lit33 1.200 3.878 6.811
Baroczy 1.733 1.200 3.504 6.437
Armand-Lottes-Levy
Equilibrium model: 1.447 1:.315 3.445 6.209
Non-equil. model: 1.450 1.884 5.887 7.231
Experimental Pressure Drop )
Axial Coordinate Pi - Pi—l Total AP
feet psi chart divisions psi
1
2 ~u B 10.0 A
3 -.768 12.0 -1.521
4 -.840 22,0 = 2361
5 -.884 28.0 -3.245
6 -.913 52+ 10 -4.158
7 - (878 27.0 -5.034
8 -.905 31.0 -5+ 939
9 ~«B35 210 “& - TT2

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 4,57 ft, 3.28 f£t.

Exit mass quality: .1881 .1886
Two-phase pressure drop: -3.907 psi -5.014 psi
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Table 15. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 ]l%n/hr-ftz Inlet Reynolds number = 115606
Heat flux (wall) = 20762 ]3tu/h1“-ft2 Room temperature = 77°F

Predictive Methods

Model Viscosity x 10% 4P, ﬂpg AP Total AP
lbm/ft—sec psi psi psi !
Homogeneous _ [
(2)
(3)
(4)

Martinelli-Nelson
Baroczy

Armand-Lottes-Levy
Equilibrium model:

Non-equil. model:

Experimental Pressure Drop

Axial Coordinate Pi - Pi_1 Total AP

feet psi chart divisions psi
1

2 5 136 8.0 -.736
3 -. 747 8,5 -1.483
4 =, 747 o %5 B0
5 -4 162 1L.5 ~2+992
6 -.805 L wb - e
7 -.903 21.0 -4.700
8 -.907 %15 =i BT
9 -. 845 23.0 -6.452

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 6.90 ft. Bl £

Exit mass quality: .0592 .0617
Two-phase pressure drop: -1.846 psi -2.972 psi
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Table 16. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 1bm,/hr—ft2 Inlet Reynolds number = 115606
Heat flux (wall) = 23281 Btu/lrr—ftz Room temperature = 77°F

Predictive Methods

Model Viscosity x 103 AP &Pg 4P Total AP
lbm/ft—sec psi ol bsi asi
Homogeneous (1)
(2)
(3)
(4)

Martinelli-Nelson
Baroczy

Armand-Lottes-Levy
Equilibrium medel:

Non-equil. model:

Experimental Pressure Drop

Axial Coordinate Pi - Piwl Total AP

feet psi chart divisions psi
1

2 -.740 8.5 -.740
3 -.747 9.5 -1.487
4 SO 11,0 -2.245
5 -.773 13.0 -35. 018
6 ~.845 23,0 -3.863
7 -.925 34.0 -4.788
8 -.8%6 30.0 -5.684
9 'y B LD 19,0 -6.500

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 6.5 £tr. 4.861 £k,

Exit mass quality: .0900 . 0915
Two-phase pressure drop: -2.499 psi -3.590 psi



98

Table 17. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 1b_/hr-ft’ Inlet Reynolds number = 115606
Heat flux (wall) = 25598 ]Btu/hir—ft2 Room temperature = 77°F

Predictive Methods

Model Viscosity x 10° AP &Pg bP Tctal‘&P
1bm/ft-sec psi - psi osi
Homogeneous (1)
(2)
{3)
(4)

Martinelli-Nelson
Baroczy

Armand-Lottes-Levy
Equilibrium model:

Non-equil. model:

Experimental Pressure Drop

Axial Coordinate Pi - Pi—l Total AP
feet psi chart divisions psi
1
2 “wd 30 8.5 -.740
3 -.747 9.5 -1.487
4 109 12:5 =2 .456
5 - D 20.0 =3.079
6 -.874 27.0 =3 .953
7 -.918 33.0 -4.871
8 -.845 23.D0 -5.716
9 -.780 14.0 -6.496
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 5.59 ft. 4.30 ft.
Exit mass quality: YTE% .1193

Two-phase pressure drop: -2.899 psi -3.990 psi
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Table 18. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F

2
Mass flux = 1987725 lbm/hr—ft“ Inlet Reynolds number = 1156060
Heat flux (wall) = 28387 Btu/’hr—ft2 Room temperature = 77°F

Predictive Methods

Model Viscosity x 103 AP &Pg AP Total AP
Ib /ft-sec psi psi psi psi
Homogeneous (1}
(2)
(3)
(4)

Martinelli-Nelson
Baroczy

Armand-Lottes-Levy
Equilibrium model:

Non-equil. model:

Experimental Pressure Drop

Axial Coordinate Pi = By Total AP
feet psi chart divisions psi
1
2 -.744 9.0 -.744
3 “ o d 5D 10.5 -1.499
4 -.802 170 ~25501
5 - o852 24.0 w5 LR3
6 -.889 29.0 -4.042
7 -.896 30.0 -4.938
8 -.845 230 ~5. 783
9 -.820 19..5 -6.603

Equilibrium Model Non-Equilibrium Model

Axial position of net

vapor formation: 5.04 ft. 3.76 ft,

Exit mass quality: i 1523 :1530

Two-phase pressure drop: -3.411 psi -4.499 psi
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Table 19. Results of Predictive Methods
and Experimental Data

System pressure = 175 psia Inlet temperature = 266°F
Mass flux = 1987725 lbm/hr-ft2 Inlet Reynolds number = 115606
Heat flux (wall) = 31320 Btu;’hr—ftz Room temperature = 77°F

Predictive Methods

Model Viigojizfséclos ﬁ?é &Pg ﬁ?f Total.&P
m Ps1 psi psi psi
Homogeneous (1)
(2)
(3)
(4)

Martinelli-Nelson
Baroczy

Armand-Lottes-Levy
Equilibrium model:

Non-equil. model:

Experimental Pressure Drop

Total AP

Axial Coordinate Pi - Pi—l

feet psi chart divisions psi
1

2 =5 790 10.0 i 4 Ok
i -+ 165 1LE.0 “L.5%5
4 -.820 18.5 ~2:.358
5 - 881 28.0 D D
6 ~5 914 329 -4.128
7 -.881 28.0 -5.009
8 0 B 29,1 -5.898
9 -.860 250 -6.758

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 4.57 £t. %28 TE

Exit mass quality: .1881 .1886
Two-phase pressure drop: -3,919 psi -5.010 psi
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Table 20. Results of Predictive Methods
and Experimental Data
System pressure = 195 psia Inlet temperature = 262°F
Mass flux = 1051602 1b_/hr-ft’ Inlet Reynolds number = 60220
Heat flux (wall) = 13873 Btu/hl“ﬁftz Room temperature = 78°F

Predictive Methods

vodel Viscosity x 10° AP, ap, 6P.  Total AP
b /ft-sec psi psi psi psi
Homogeneous .1295 (1) .093 . 381 .073 .548
.1332 (2) .074 .549
.1381 (3) .074 .549
.1556  (4) <075 + 550
Martinelli-Nelson 174 . 375 .108 <657
Baroczy 174 375 w7 .656
Armand-Lottes-Levy
Equilibrium model: ;073 . & . 084 . 550
Non-equil. model: 092 . 985 200 LT
_ Experimental Pressure Drop
Axial Coordinate PL - Pi-l Total AP
feet psi chart divisions psi
1
2 -.642 -5.0 -.642
3 -.642 50 -1.284
4 -.634 -6.0 -1.918
5 -.645 -4.5 -2.563
6 -.656 ~3.0 ~3 219
7 - 652 2855 -3.871
8 -.642 “5.0 “4 515
9 -.598 «11.0 =5.111

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 8.126 ft. 6.838 ft.

Exit mass quality: D325 .0411
Two-phase pressure drop: =525 pEi -1.346 psi
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Table 21 . Results of Predictive Methods
and Experimental Data

System pressure = 195 psia Inlet temperature = 262°F
Mass flux = 1051602 1b_/hr-ft” Inlet Reynolds number = 60220
Heat flux (wall) = 15945 Btux’hr*ft2 Room temperature = 78°F

Predictive Methods

i Viscosity x 10° AP, APg AP Total AP
b /ft-sec psi psi psi psi
Homogeneous « 1295 £l 237 . 697 « 202 1156
« LD 4 (2) . 204 1.J58
.1524 (3} .206 1.140
.1957 (4) 213 1.147
Martinelli-Nelson .226 .688 .335 1.249
Baroczy . 226 .688 . 347 1.261
Armand-Lottes-Levy
Equilibrium model: : 179 . 744 « 2587 Y177
Non-equil. model: .184 1..337 390 1./ 880
Experimental Pressure Drop B
Axial Coordinate Pi - Pi-l Total AP
feet psi chart divisions psi
1
2 -.642 -5,0 -.642
3 -.638 =95 -1.280
4 -.634 =6 .0 -1.914
S -.642 G-I ~ % BD0
6 -. 649 -4.0 ~F; 205
7 -.649 -4.0 -3.854
8 w1023 W7 ol 4,477
9 = o 07 =18 50 -6 0589

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 7.070 ft. 5.783 £t

Exit mass quality: .0826 .0867
Two-phase pressure drop: =, 181 psi <1l.. 996 psi
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Table 22. Results of Predictive Methods
and Experimental Data

System pressure = 195 psia Inlet temperature = 252°F
Mass flux = 1188084 lbm/hr—ft2 Inlet Reynolds number = 65264
Heat flux (wall) = 18274 Btu/hr-ft° Room temperature = §0°F

Predictive Methods

- Viscosity x 103 &Pa APg &Pf Total AP
Ibmfft—sec psi psi psi psi
Homogeneous .1295 (1) .088 .254 .056 +599
L1323 (2) .056 . 359
.1359  (3) .056 «299
.1490 (4) . 057 .400
Martinelli-Nelson J111 .250 .079 440
Baroczy 111 . 250 . 077 .438
Armand-Lottes-Levy
Equilibrium model: 071 . 260 .061 392
Non-equil. model: 107 .852 .206 1,165
Experimental Pressure Drop
Axial Coordinate Pi - Pi—l Total AP
feet psi chart divisions psi
1
2 =B 8Y A -+ 659
3 -.662 -2.0 -1.321
4 “ 659 R -1.980
5 -.668 =150 -2.649
6 -.688 5 (R e
7 -.680 i -4.017
8 -.706 4.0 4 T23
9 ~« 626 -7 B ~5:349
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 8.440 ft. 7451 £t
Exit mass quality: .0243 372

Two-phase pressure drop: -.351 psi -1.225 ps1
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Table 23. Results of Predictive Methods
and Experimental Data
System pressure = 195 psia Inlet temperature = 248°F
Mass flux = 1194089 lbm/hr-ft2 Inlet Reynolds number = 64603

Heat flux (wall) = 20214 Btu/}n?—ftz Room temperature = 80°F

Predictive Methods

s Viscosity x 10° M’a APg &Pf Total AP
lbm/ft~sec psi psi psi psi
Homogeneous .1285 (1) .148 .354 .091 .503
1341 (2) D92 .5893
L1401  (3) .082 . 594
1616  (4) .094 .586
Martinelli-Nelson 173 . 347 .138 .658
Baroczy .173 . 347 .134 .654
Armand-Lottes-Levy
Equilibrium model: 116 .366 .103 .586
Non-equil. model: 147 . 945 .261 1.558
Experimental Pressure Drop
Axial Coordinate PL - Pi~1 Total AP
feet psi chart divisions psi
1
2 -.666 | g -.666
3 -.662 -+ 20 -1 4528
4 -.662 -2+ 0 =1.980
5 e i/ “0.5 ~2.0063
6 -.0684 1.0 -3.347
7 -.698 3.0 -4.045
8 -.709 4.5 -4.,754
9 -+ 637 -5.5 “Dad gL

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 8.163 ft. 6.874 ft.

Exit mass quality: .0400 . 0512
Two-phase pressure drop: = 533 pei «1.434 psi
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Table 24. Results of Predictive Methods
and Experimental Data

System pressure = 195 psia Inlet temperature = 238°F
Mass flux = 1208972 Ibm/’hr-f‘c2 Inlet Reynolds number = 62675
Heat flux (wall) = 22701 Btu/}rr—ftz Room temperature = 80°F

Predictive Methods

odel Viscosity x 10° AP APg AP Total AP
1b /ft-sec psi psi psi psi
Homogeneous .1295 (1) .079 .181 .040 . 299
1318 [3) .040 «299
L1349 (3) .040 299
1461  (4) . 040 .300
Martinelli-Nelson .099 .179 .056 .334
Baroczy .099 .179 .054 <332
Armand-Lottes-Levy
Equilibrium model: .063 .184 . 045 .292
Non-equil. model: ¢« 115 772 195 31.082
_ _ Experimental Pressure Drop N
Axial Coordinate PL - Pi—l Total AP
feet psi chart divisions psi
1
2 -.662 -2.0 « 662
3 -.669 1.0 -1.361
4 -.666 -1.35 =2:.027
= -.0677 0 -2.704
6 -.688 1.5 =3 «392
7 -.706 4.0 -4.098
8 g .0 -4.801
9 - 2662 ~2 B -5.463

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 8.608 ft. 7:520 ££.

Exit mass quality: .0208 .0386
Two-phase pressure drop: ~.259 psi -1.147 psi
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Table 25. Results of Predictive Methods
and Experimental Data

System pressure = 195 psia Inlet temperature = 247°F
Mass flux = 1195585 lbm/hr—ftz Inlet Reynolds number = 64310
Heat flux (wall) = 20214 Btu/hr—ft2 Room temperature =8(0°F

Predictive Methods

Model Vi?ﬁoiitfszclos &P? APg AP? Total.AP
m psi psi psi psi
Homogeneous .1295 (1) .120 .296 JO71 .488
1332 (2) ~OE2 .488
.1380 (3) 072 .488
.1554 (4) 073 .489
Martinelli-Nelson .145 . 291 .105 .541
Baroczy .145 .291 102 .538
Armand-Lottes-Levy
Equilibrium model: 095 «3 05 .079 .479
Non-equil. model: e - .888 .233 1.252
Experimental Pressure Drop )
Axial Coordinate Pi - Pi~1 Total AP
feet psi chart divisions psi
1
2 -, 659 “d w5 ~ . 659
3 ~ 073 -0 5 =1 . 852
4 -.662 =20 -1.994
5 -.669 gt -2.663
6 -.684 1.0 -3.347
7 -.691 2.0 -4.,038
8 = P17 5.5 -4.755
9 “ S = 8w =Hhed82

Equilibrium Model Non-Equilibrium Model

Axial position of net
vapor formation: 8.322 ft. 7.033 ft.

Exit mass quality: .0324 L0451
Two-phase pressure drop: -.432 psi =1..330 psi
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Table 26. Results of Predictive Methods
and Experimental Data

System pressure = 195 psia Inlet temperature = 228°F
Mass flux = 6060912 1J%n/hr‘ft2 Inlet Reynolds number = 30121
Heat flux (wall) = 15945 Btu/hr-ftz Room temperature = 77°F

Predictive Methods

- Viscosity x 10° AP, ap, AP, Total AP
b /ft-sec psi psi psi psi
Homogeneous .1295 (1) .145 ,609 .104 .858
.1490 (2) .106 .860
.1748 (3) .108 862
.2514 (4) 114 .868
Martinelli-Nelson y LZ 2 .020 .185 .927
Baroczy sl 23 .620 . 245 . 987
Armand-Lottes-Levy
Equilibrium model: .096 .687 143 .926
Non-equil. model: .099 1,227 .204 L. b5l
Experimental Pressure Drop o
Axial Coordinate P.L B Pi—l Total AP
feet psi chart divisions psi
1
2 -.631 ~6.5 = 631
3 -.639 “5.5 “1.270
4 =, 631 <0.5 “<1 . G0L
5 -+ 631 =0 3 ~2% 532
6 =+ 620 -8.0 S B
7 =, 595 <L b ~3. 747
8 -.562 -16.0 -4.309
9 ~u 533 -20 .0 -4.842
Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 6.950 ft. 5. 661 £L,
Exit mass quality: w521 . L5811

Two-phase pressure drop: -1.126 psi -1.901 psi
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Table 27. Results of Predictive Methods
and Experimental Data

System pressure = 195 psia Inlet temperature = 228°F

Mass flux = 606912 lbm,/hr-ft2 Inlet Reynolds number = 30121

Heat flux (wall) = 17872 B1:1.1/‘hl‘*ft2 Room temperature = /7°F

Predictive Methods

ol Viscosity x 10° 8P, AP AP, Total AP
1b_/ft-sec psi psi psi psi
Homogeneous .1295 1y .223 .699 .178 1.099
.1620 (2) & 1.104
.2050 (3) .188 1.110
.3161 (4) .200 1.121
Martinelli-Nelson o b .738 .318 1.233
Baroczy 177 od 58 .454 1.369
Armand-Lottes-Levy
Equilibrium model: +135 .821 w261 1.219
Non-equil. model: 137 1 352 V327 1 87
Experimental Pressure Drop
Axial Coordinate P,l - pi—l Total AP
feet psi chart divisions psi
1
2 -.638 e -.639
3 -.635 =i 1] -1.274
4 ~3035 -6.0 -1,908
5 -.624 o “2.533
6 =4 602 -10.5 =5, 135
7 -.584 -13:0 -5, TI9
8 -4 551 =17 5 -4.270
9 -.544 =18.5 -4.,.814

Equilibrium Model Non-Equilibrium Model
Axial position of net
vapor formation: 6.200 £t. 4.911 ft.

Exit mass quality: .2328 <2362
Two-phase pressure drop: -14563 psi -2.337 psi



Table 28.

Results of Predictive Methods
and Experimental Data

System pressure = 195 psj_a

Inlet temperature =

109

228°F

Mass flux = 06912 lbmfhr-ft2 Inlet Reynolds number = 30121
Heat flux (wall) = 20214 J&tu/hlr-ftz Room temperature = 77°F
Predictive Methods S
el Viscosity x 10° AP, AP, AP Total AP
lbm/ft-sec psi psi psi psi
Homogeneous L1295 (1) .316 .745 217 1.338
L1811 (2) . 289 1550
L2487  (3) «302 1:363
.3946 (4) el 1583
Martinelli-Nelson 245 .812 .486 1.541
Baroczy .24 .812 . 731 1.786
Armand-Lottes-Levy
Equilibrium model: 177 .912 .415 1.506
Non-equil. model: 177 1.433 .488 2.099
Experimental Pressure Drop o
Axial Coordinate Pj - Pi—l Total AP
feet psi chart divisions psi
1
2 -5 542 -3% 0 -.642
3 =631 <6 5 =L 273
4 ~. 631 ~0. 5 -1.904
5 -.620 -8.0 ~2:524
6 =»5891 -12.0 ~3.:2145
7 -.570 “15.1 -3.685
8 -.548 -18.0 -4.233
9 =4 535 ~2:0% 0 -4.766

Axial position of net
vapor formation:

Exit mass quality:

Two-phase pressure drop:

Equilibrium Model

5.482 ft.

.3308
-1.957 psi

4.193 ft.
5327
-2.743 psi

Non-Equilibrium Model
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