OAK RIDGE NATIONAL LABORATORY LiB

i

3 445k 0550492 3

!




Printed in the United States of America. Available from
National Technical Information Service
U.S. Department of Cormimerce
5285 Port Royal Road, Springfield, Virginia 22161
Price: Printed Copy $5.45; Microfiche $2.25

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the Energy Research and Development
Administration, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or respansibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




ORNL-TM-4759
NRC-1, -2, -4

Contract No. W-7405-eng~26

Reactor Division

A MODEL TO CALCULATE MASS FLOW RATE AND OTHER QUANTITIES
OF TWO-PHASE FLOW IN A PIPE WITH A DENSITOMETER,
A DRAG DISK, AND A TURBINE METER

Tzuo Aya

NOVEMBER 1975

NOTICE: This document contains information of a preliminary
nature and was prepared primarily for internal use at the
Oak Ridge National Laboratory. It is subject to revision or
correction and therefore does not represent a final report.

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

OAK RIDGE NATIONAL LABORATORY LIBRARIES

Ry

3 4456 0550492 3






iii

TABLE OF CONTENTS

ABSTRACT . [ L4 . . . [ . - . - . L] . - . L] - L . . L] . . °
1, INTRODUCTION . . & ¢ o o ¢ o o o s o o o a s o o o o
2 ° ANALYSIS ® & &8 2 8 e 2 e ® F S B & e s e B 8 e s e s =

2.1
2.2
2'3

DensitomeLer « v v + ¢ ¢ o o o « o o » o o 8 s »
Drag Disk . L L] L] . . . L] » - L] . . » . L] L[] L] .

Turbine Meter . ¢« ¢ ¢ ¢ ¢ v v v ¢ s o o s o o

3. COMPARISON OF PRCPOSED MODEL WITH HOMOGENEOUS FLOW

AND
3.1
3.2
3.3
3.4

OTHER MODELS ¢« v ¢ ¢ o ¢ &« o 4 o o ¢ s o o o o s

Comparison with Homogeneous Flow . . . . . « .
Comparison with Homogeneous Model (INEL Method)
Comparison with Popper's Model . + « « v ¢« « o .

Comparison with Rouhani's Model . . . . . . . .

4, COMPARISON OF FOUR TURBINE METER MODELS WITH ROUHANI'S

DATA

4.1
4.2

Vold Fraction .« ¢ ¢ ¢ v o o ¢ o o o o s 2 s o o

Mass Flow Rate . « ¢ o ¢ o o o » o o 5 o s s o »

5. CONSIDERATIONS IN THE USE OF THIS MODEL . . . . . . .
6. CONCLUSION . o v v v o v 4 o o o o o o s o o o o o o s
ACKNOWLEDGMENT . « ¢ o« & o 5 o o o o 5 o o 5 o s o o 0 ¢ o
NOMENCLATURE + & o o o o o o o o o 5 o o o o 2 s+ 0 0 » o »
REFERENCES ¢ 4 ¢ o ¢ ¢ o o o o o o o ¢ o o o o 06 0 0 4 o o

iii

Page

[« R, I A

10
12
14

15
16
18
22
23
23
24
55






A MODEL TO CALCULATE MASS FLOW RATE AND OTHER QUANTITIES
OF TWO-PHASE FLOW IN A PIPE WITH A DENSITOMETER,
A DRAG DISK, AND A TURBINE METER

%
Izuo Aya

ABSTRACT

The proposed model was developed at ORNL to calculate mass
flow rate and other quantities of two~phase flow in a pipe when
the flow is dispersed with slip between the phases. The calcu-
lational model is based on: assumptions concerning the character-
istics of a turbine meter and a drag disk. The model should be
validated with experimental data before being used in blowdown
analysis. ‘

In order to compare dispersed flow and homogeneous flow,
the ratio of readings from each flow regime for each device
discussed here is calculated for a given mass flow rate and
steam quality. :

The sensitivity analysis shows that the calculated flow
rate of a steam-water mixture (based on the measurements of a
drag disk and a gamma densitometer in which the flow is
assumed to be homogeneous even if there is some slip between
phases) is very close to the real flow rate in the case of
dispersed flow at a low quality. However, it is shown that
the measurement with a turbine meter and a densitometer over-
estimates the flow rate at low and middle qualities and under-
estimates it at high quality.

The model is also compared with the methods of Rouhani
and Popper used to measure the void fraction with one and two
turbine meters respectively.

The comparison with Rouhani's experimental data of a
turbine meter in vertical upflow in a straight tube shows
that there are no significant differences among the models
for the estimation of void fraction. These four models
yield average errors between —1.4 and 3.8%. However, there
are large differences in the calculation of mass flow rate.

At a steam quality below 5% and a slip ratio below 4.5,
Rouhani's method predicts flow rate the best. The homogeneous
model and Popper's model overestimate less than 11%, and the
proposed model underestimates by 5 to 11%. As the steam
quality increases at a constant slip ratio, all models are
prone to overestimate. At 207 quality the overestimates reach
8% in the proposed model, 157 in Rouhani's model, 38% in
homogeneous model, and 57% in Popper's model.

*
Assigned to Oak Ridge National Laberatory from Nuclear Ship
Division, Ship Research Institute, Tokyc, Japan.



1. INTRODUCTION

Many experiments designed to improve the understanding of the
transient behavior of a PWR or a BWR core during siwmultaneous loss-of-
pressure and loss-cf-coolant accidents have been done and are planned
in the U. S. and other countries. In conducting such experiments, it
is necessary to measure mass flow rate and steam quality in the break
pipe and in the intact pipes of the primary loop. The measurements of
mass flow rate and quality are used in assessing the mass and enthalpy
balances of the loop. These measurements provide very important infor-
mation, such as the water level in the pressure vessel, which largely
controls the thermal condition of fuel rods or electric heaters.

It seems possible to determine the mass flow rate from the pressure
vessel during blowdown by measuring the variation of the vessel weight.l
The up-and-down motion of the vessel contents produces vertical forces
which are superimposed on the vessel waight. To determine the mass flow
rate, it is necessary to smooth the test curve; hence, short-term
(<l-sec) mass flow rates cannot be determined by measuring the course

of vessel weight with time. An orifice plate, a venturimeter,z or

a nozzle™’

may also be used. To determine mass flow rate and quality
with these wethods during a fast transient, correlations established for
steady-state two-phase flow might be invalid or their accuracy decreased.
Another possible difficulty in using these devices 1s that the fluid used
to transfer the differential pressure to a measuring device might not be
able to keep up with the fast depressurization and might boil.

In general, for the indirect determination of mass flow rate and
quality, three independent measured variables are needed in addition to
pressure and temperature. Thom7 noted that at each selected pressure,
the slip ratio of steam-water two-phase flow may be taken as almost
constant and independent of quality (Fig. 1). 1If this correlation is
valid in the case of blowdown, the number of independent variables is
reduced to two. Since the error shown in Fig. 4 of Ref. 7 is arcund +107
in the pressure range from 115 to 2000 psia, all three independent

measurements may be needed.



In the PWR Blowdown Heat Transfer Separate~Effects Program at ORNL,
three measured variables — the apparent density from a gamma densitometer,
a flow velocity from a2 turbine meter, and the momentum flux from a drag
disk — are used in the determination of the flow rate and the steam
quality. In principle, it is possible to determine the unknown variables
from the three independent weasured variables. However, it might be
rather difficult and troublesome to establish the correlation or the
analytical relationship between known and unknown variables, as it could
change for each different flow regime. This corresponds to the ANC report,8
which states that the deficiency of drag-disk—turbine flowmeters for
two-phase flow may be due in part to lack of knowledge about the flow
regimes. Moreover, the boundaries between regimes are rather vague and
different for each researcher.gfll Recently, Tong* suggested that the
difficulty might be reduced if dispersed flow could be produced and main-~
tained artificially at measuring points in a pipe during blowdown without
incurring great pressure changes. Consequently, ORNL decided to investigate
screens for dispersing the flow. The results of these studies will be
presented elsewhere.

Figure 2 shows the arrangement of the densitometer, drag disk, and
turbine meter in an instrumented spocl piece of the ORNL Thermal-Hydraulic
Test Facility (THTF). The orientation of an instrumented spool piece is
horizontal or vertical. Turbine meters and drag disks to be used in the
THTF are bidirectional, since the flow direction could change during
blowdown. Some means for dispersing the flow will be installed at each
end of the spocl piece.

The model presented here permite one to deduce the mass flow rate,
quality, and slip ratic of dispersed two-phase flow by using a densitometer,
a drag disk, and a turbine meter. The proposed model is based on the
following major assumptions concerning the characteristics of a turbine
meter and a drag disk.

1. The reading of a turbine meter is determined by a momentum
balance on turbine blades due to velocity differences of the two phases

and the turbine blade,

L. S. Tong, Deputy Director, Reactor Safety Research Division,
Nuclear Regulatory Commission.
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2. Mass fluxes exerting forces on turbine blades are apg (Vg ”'Vt
and (1 — a) Pe (Vt~— Vf) for the gas and liquid phases respectively.
3. Contributions of gas and liquid phases to momentum flux detected

2 — 2
by a drag disk are a C pg Vg and Cdf (1 —a) Pe Vf respectively,

dg

2. ANALYSIS

Relationships among quantities that appear in the dispersed regime
of two-phase flow in a pipe are derived theoretically in this section by
using some assumptions of the hydrodynamic characteristics of a turbine
meter and a drag disk. In this report, homogeneous two-phase flow is
defined as a flow in which the twoc phases are uniformly distributed at
any cross section in the pipe with no slip between phases. Dispersed
flow is defined as a flow in which the two phases are uniformly distributed
at any cross section in the pipe but slip occurs between phases. Before
starting the analysis, it might be convenient to define the void fraction

and the quality of two~phase flow. The void fraction is defined by
A
a=-5, 1

where A is the cross section of the pipe and Ag is the part of the cross

section occupied by the gas phase., The quality is expressed by

- B (2)

where mg and m. are the mass flow rates of gas and liquid respectively.

2.1 Densitometer

A gamma densitometer should show the correct apparent density of
dispersed (or homogeneous) flow in a pipe during blowdown if it can keep
pace with the fast density change. The time constant of 16 msec for
densitometers used in the THTIF seems to be small enough for accurate

measurement of the apparent density during blowdown. The apparent density



is defined by
Py = 0, + (1 —a) Pe ‘ ‘ 3

where pg and pe are the densities of gas and 1iquid phases respectively.

2.2 Drxag Disk

Although the two-dimensional velocity profile of dispersed two-phase
flow might differ from that of single-phase flow,12 the gas and liquid
velocities acting on the drag disk target can be assumed to be almost the
same as the mean gas and liquid velocities exerting forces on the blades
of a turbine meter within the Reynolds number range where the flow is
turbulent. Therefore, the same symbols (Vg for the gas velocity and Vf
for the liquid velocity) will be used henceforth for both drag disk and
turbine meter.

The momentum fiux detected by a drag disk13 for dispersed flow can

be expressed as

= 2 — 2
Id Cdg o pg Vg + Cdf (1 o) Pe Vf , (4)

where Cdg and Cdf are, respectively, the drag coefficients of a drag disk

for the gas and the liquid phases. Using thekratio of drag coefficients

of a drag disk, Cd = Cdflcdg’ Eq. {(4) may be rewritten as

- 2 [e2 4 @ -
I, cdg o Pe Vf [s% + Cys f (1L —a)la] , (5)

where S is the slip ratio (Vg/Vf) and f is the density ratio (pf/p ). The
. ; B

drag coefficients Cdg and Cdf should be taken from calibrational tests for

the drag disk. From Eqs. (3) and (5), the void fraction and the slip

ratio are readily converted to

pf ”'pa
Q= = ,
pf pg
(6
P, — P
pf pg



and

(pp, —p )(L,/C.,)—(p.—p ) p, C, V2
g2 = ‘ £ g~ d ‘dg’ a g’ "f 'd f . 7

- 2
(of pa) og Ve

By using Eqs. (6) and (7) and the following general relationship of the
slip ratio, the void fraction, and the quality,
1l ~a _ 1-—-x

a %' X ’ (8)

the quality is expressed as

pc P TP
Lop+-f 2 &
x Pe Pr P,
Pe ™ P I P, — P
f d -
X ——f:fmé-p V% // C ~*pa -pg Pe C V% « (9)
Pe ™ Py 8 dg £ g

The mass flux G and the mass flow rate W can then be written as

G = o pg Vg + (1 — o) Pe Vf (10a)

]

p. — D I p_ TP — o, T F#
f a 0 d_ _'a g p. C vZ )+ B —1 A (10b)
pf - pg g -

and
w=Inic , (1n

where Di is the inner diameter of the pipe.

2.3 Turbine Meter

A turbine blade rotates with angular velocity w. The turning speed
of a point on the turbine blade is given by

V.o=rw o, (12)

where v 1s the distance from the axis of rotation.



Assume that the frictional forces exerting on turbine blades are
negligible when compared to the forces due to momentum changes of fluids.

The turning speed Vf is then equivalent for fluids to the imaginary velocity
of a turbine meter defined by

v, = Vr/tan ¢, (13)

where ¢ is the twisting angle of a blade (see Fig. 3). Vt can be regarded
as constant over a turbine blade and corresponds with the fluid velocity

detected by a turbine meter, since the twisting angle is usually chosen
so that

tan ¢/r = constant . , (1l4a)

When this is true,

Vt <@ . (14b)
The gas phase velocity is usually greater than or equal to the liquid
velocity in dispersed flow. Therefore, the reading of a turbine meter

should be some value between the:gas velocity and the liquid velocity.

A momentum balance about the turbine blade segment gives
- 2 sin2 =0 _ — 2 oinl :
a pg (Vg Vt) sin“ ¢ Ct e (1 a)(Vt Vf) sinc ¢ (&%)

where E; is the ratio of drag coefficients of a turbine blade for the
liquid and gas ph;ses (th/Ctg). Ct should also be taken from calibra-
tional tests for the turbine meter; Ct might be near unity for bidirec-
tional turbine weters, such as those to be used in the THTF. Equation

(15) may be reduced to

\Y 1+/C ¥

f t

TR (16)

t s+v’t’tY ‘
where

_ p p,—p
Y Eif(l 0Ll) =L —34:7~& .
o Py Pg P,

This may then be combined with Egqs. (6) and (7), eliminating S, to yield




= LT 2 \/Et = L /“—2”2 2
(Cd+Ct) Vf"z *Y"—'"l"Ct vV, + /;“'i‘ Ct Vt

This then reduces to

a+b |, S_gEd/Ylﬁ
v ={ v, (18)
£y , s>f:'d/¥/(‘:t
where
C, +\/EtY
a = T — — Vt
Cy+Cp
and
_ B e — D I E 2 1/2
p=oe—=>t | @ +0H L8 d~——‘3~<1+/t:’ Y) v2 X
= = d '\ p. — pC Y t t
Cd + Ct a g f dg

It is obvious from Eq. (18) that the liquid velocity is expressed

with three measured variables — the apparent density Pa from a densitometer,

the momentum flux Id from a drag disk, and the velocity Vt from a turbine

meter — and with the phase densities determined by the pressure and the

temperature at the measuring point, Substituting the value of Vf calcu~

lated by Eq. (18) into Eqs. (7), (9), and (10b) gives the slip ratio, the

quality, and the mass flux based on measured variables only.

3. COMPARISON OF PROPOSED MODEL WITH HOMOGENEOUS FLOW
AND OTHER MODELS

3.1 Comparison with Homogeneous Flow

To compare the readings of the three measuring devices in dispersed
flow with the readings in homogeneous flow, calculations are made for each

flow regime with equivalent phase mass fluxes. In homogeneous flow, the



mass balance equations are written as

(1~ o) afo = (1 — ao) Pg V0 (liquid phase)

where e and VO are the void fraction and the velocity of homogeneous flow.

The readings of the three devices in homogeneous flow for apparent density,

momentum flux, and turbine meter velocity, respectively, are

Pao = % Py + (1~ ao) Pe ' (20)
- 2 = _

.o Cdg Vo {ao Pe +Cy (1 ao) pf] R (21)

v =YV . (22)

t0 0

Using some relatlonships deduced in Sect. 2 and Egs. (19) through (22),

the reading ratio of each device becomes,

p

a _1+f (1 — a)/as + (1 — a)/a
P S+E(- a)/al+ (L~ a)/a (232)
1+8s A—x)/xf+ (1—x)/x
1+ (1 -x)/x £+8(1-x)/x °* (230)
_ 3 ‘
I'd - S€ + Cdf ¢! a)/u 1+ Q- OL)/(! (24a)
30 s+C,f (1- S+ (1 —-a)a :
d a)/o
14T, Q—x)/xt P AW/ |
and
v, _ S + /Tc'tf (1 — a)/a 1+ (1= a)o (250)
Veo 1+ /'é'tf (1-oa)/a> " (1 - a)/a
s+ /C.5 (1 - x)/x
- t f/S + (l"‘X)/}C (ZSb)

1+/Ets (1—X)/xf+(1“’}{)/x
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The ratio of the void fraction is also derived in the same way:

1+ (1/8)(1 — a)/a
1+ (1 —a)/a

[¢]
'a'g (= VO/Vg)

(26a)

f+ (1 —x)/x
£f+5 (1 —x)/x

(26b)

Some calculated results of Eqs. (23a) through (26b) are shown in
Figs. 4 through 16 with slip and density ratios as parameters. For a
drag disk and a turbine meter,.a

d
other information. This is equivalent to the assumption that the gas

and E; are taken as unity for lack of

aud the liquid velocitles exert forces in the same manner on the target

of a drag disk and on turbine blades.14

The effects of parameters Eé and E; in Eqs. (24a) through (25b) are
shown in Figs. 17 through 24.

3.2 Comparison with Homogeneous Model (INEL Method)

For two-phase flow measurement in a pipe during blowdown, the same
combination of a gamma densitometer, a drag disk, and a turbine meter has
also been used at the Idaho National Engineering Laboratory (INEL). By
assuming the flow is homogeneous,15 even though there may be some slip
between two phases, two different mass fluxes (i.e., the mass flux Gd
determined by the readings of a densitometer and a drag disk and the
mass flux Gt determined by the reading of a densitometer and a turbine
meter) were computed and compared with each other. The computed mass
fluxes were considered valid when they agreed with each other. There is
5till some chance, however, that the mass fluxes are incorrect, since
both might overestimate or underestimate.

The INEL method is compared with the proposed model as follows.

Gd and Gt are expressed as

and

G =p V. , (28)
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where Vd is the apparent velocity based on treating the momentum flux
measurement of a drag disk in dispersed flow with slip with the homoge-

neous flow assumption. The relationship between Vd and Id.is expressed by

1, =C

2 Il —
d dg o pg Vd {1+ Cdf {1 —a)/a]

[see Eq. (5)]. When E& = 1, Eq. (27) corresponds to the expression

Gd = />pa (Id/Cdg) .

In a manner similar to that used in the previous section, the ratios

of mass fluxes from the INEL method (Gd or Gt) and the proposed model (G)

are
S _1+f (1--oc)/o¢\/SZ * Ggf (Tl | (29a)
¢ s+f(l-alle 1+Cf (1~ a)a
_Qa/sy + 1 —-x)/x\/g+ € & 7 X/ (29b)
1+ {1~ X)/}c (1/5) +md {1 ~ X)/X
and |
_G_£=1+f(l-—u)/us+/ctf (1 —-a)/a (308)
G s+ fd-oala,, /T £ (L -a)lo
L s+/Cs (1—x)/x
_(1/8) + (1 —x)/x t : (30b)

1+ (1=x)/x 1 +‘V/E;S (1 —x)/x
Equations (29b) and (30b) indicate that Gd/G and Gt/G‘are independent
of the density ratio f when the quality x is chosen as a variable. Some
calculated results are shown in Figs. 25 through 28, in which Eé and E;
are assumed equal to 1. The curves of Gt/G have a maximum greater than
unity and a minimum less than unity. Comparing Figs. 25 and 27, it is
seen that the maximum value of Gt/G is larger than the maximum value of
Gd/G at any given slip ratio.  The parameter combination in Figs. 25 and

27 are chosen in accordance with the relationship between slip ratio and

pressure for steam-water two-phase flow proposed by Thom (Fig. 1). Curves
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C in these figures indicate the expected reduction in error if, by some
means, the slip ratio is decreased from 5 to 2.

From Fig. 25, it can be said that in dispersed flow the mass flux
determined by a densitometer and a drag disk is very close to the real
mass flux at low and middle void fractions. Therefore, we can assume
that Gd represents the mass flux at a vold fraction less than 70 to 80%
in dispersed flow. However, the quality of the dispersed flow is quite
different from that derived through the homogeneity assumption. For
example, if the slip ratio is 2, corresponding to a pressure of about
500 psia for steam~water two-phase flow according to Thom, the real
quality is twice that obtained using the homogeneity assumption. This
difference has a great influence on the assessment of the enthalpy
balance of the system during blowdown. Consequently, the quality or the
slip ratio should be measured or calculated by other means.

The effects of parameters C, and E; in Eqs. (29a) through (30b) are

d
indicated in Figs. 29 through 34.

3.3 Comparison with Popper's Model

POPper14,16,17

proposed to measure the void fraction of twe-phase
flow in a pipe with two turbine meters. One is installed upstream, where
the flow is single (liquid) phase and measures the local liquid velocity
fo and the other is installed in two~phase flow. From the continuity
equations evaluated at the two measuring locations, the void fraction of
two~phase flow at the second measuring point is deduced as

Vf -fo (1 — x)

a = ’ (31)
Ve

in which the difference of liquid densities at the two locations is
ignored. Popper then assumed that the readimg of the turbine meter in
two-phase flow represents the local liquid velocity when the density of
the gas phase is much less than that of the liquid phase. Therefore,

the void fraction calculated by Popper's model may be written as

.. Vt —'fo (1 —x) 32
cr Vt )
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Assuming the relationship between Vf and Vt is expressed by Eq. (16),

the relative difference between the proposed model and Popper's model

becomes
o, = O _ _
cy _l—a _S -1 ‘ (33)
o ¢ 5+ /th (1—a)la
Equation (16) is rewritten as
V. 1+ /CFf (1—a)a
i t
v = (34a)
t S+ /th (1 -a)/a
1+ /ECS {1 — x)/x
= . (34b)

S + /Ets (1 — x)/x

Figures 35 and 36 show some calculated results of Eq. (34a), and Fig. 37
represents Eq. (345), which is independent of the density ratio. In these
graphsz}"t is assumed equal to l;

Figure 38 shows the calculated results of Eq. (33) for steam-water
two~-phase flow with E; again taken as 1. The combination of slip and
density ratios used in this figure are chosen from Fig. 1. Figure 38
shows that the relative difference curves a, b, and ¢ are Very close to
each other across the rather wide density ratio range from 500 to 12
(equiﬁalent pressure range: 60 to 1500 psia). Both absolute and relative
difference curves approach curve d {(no difference) as the slip ratio
approaches 1. It is interesting to note that relative differences become
very large in spite of small absolute differéﬁces in void fraction and
small errors in measuring the liquid velocity (Figs. 35 to 37) when the
void fraction approaches zero. Conversely, relative and absolute
differences become very small in spite of probable large errors in
measuring liquid velocity (Figs. 35 to 37) when the void fraction approaches
unity. Therefore, it may be erroneous to say that at high void fraction
the turbine meter measures the liquid velocity when the void fraction
calculated by Popper's method corresponds to the void fraction determined
with a gamma densitometer.

Figure 39 shows the effect of parameter E; in Eq. (33).
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3.4 Comparison with Rouhani's Model

Rouhanils’19 proposed another method to calculate void fraction and

other quantities characteristic of two-phase flow. The readings of a
turbine meter, as well as measured values of mass flow rate, quality,
and pressure, were used to compute the void fraction 2R
In his theory, the modeling of a turbine meter is based on momentum
exchange at the turbime blades. The mass fluxes exerting forces on
turbine blades are assumed to be AGx and AG (1 — x) for steam and water
phases, respectively, whereas in the model presented here the fluxes are

assumed to be proportional to a pg (Vg —~Vt) and (1 — a) Pe v ~'Vf)

respectively. -
The extent of blade overlap defines two extremes in turbine meter

design. If the design of turbine blades is like that of Fig. L0a

(no overlap), the effective steam mass flux exerting forces on blades

seems to be proportional to EEVKE-(GX), that is, proportional to

o Pg (Vg'“'Vt), and the effective water mass flux seems proportional to

BC/AC [6 (1 —x)], that is, (1 —a) pp (V,

turbine blades is like that of Fig. 40b, the effective mass fluxes imping-

"“Vf). If the design of

ing on the blades approach AGx and AG (1 ~ x) for steam and water phases
as the overlap increases. Turbine meters to be used in THTF at ORNL are
of type (a).

By using Eq. (4) of Ref. 18, the calculated turbine meter velocity

VtR and aCR are expressed as

- x2  (1-x)?
Vg = 6 [aog + (= a)s, } (35)

and

2 2
V =G . SRR € St 9 ] . (36)
t [aca"g (1 —acple,

Assuming again that Vt/Vf is expressed by Eq. (16), the following
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relationships are derived:

VtR_32+f (l_u)/ql+/—c"tf (1 — a)/a

(37a)

s+ a-=-x)/xt? /T - x)/x » (37b)
1+ A—-x)/xg, y’E;s 1 - x)/x

and
%cr © 2K [(Ky + Ky =Kg) + 7/ () + Ky —K3)? — 4KiKg] (38)
where
LS+ /?tf (1~ a)/a
Ky = =2
1+ /th 1 - o) /a
2
K2 - 5 s
S+ f (1 —a)a
and
Ko = ELQ — a)/a]?
3 7S+ f (0~
Figures 41 to 43 show some calculated results of Eqs. (37a), (37b),
and (38) for C l. They compare the calculated turbine meter velocities

and void fractions of the proposed model and Rouhani's model. The
difference between two calculated void fractions at S =2, f 50, and
m; = 1 (Fig. 43) is less than 5%, nearly the same as that between the '
new model and Popper's model (Figs. 38 and 39).

4. COMPARISON OF FOUR TURBINE METER MODELS
WITH ROUHANI'S DATA

The behavior of a turbine meter seems to be the most uncertain of

the three devices discussed here. The experimental data of Rouhani,l9
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used for verifying his turbine meter model to measure voild fraction or
quality in steam-water two-phase flow, can be used to compare the proposed
model, Rouhani's model, the homogeneous model, and Popper's model. Calcu-
lated void fractions and mass flow rates will be compared with Rouhani's
data. Although the Rouhani and Popper models were not originally developed
for the measurement of flow rate, they are applied to calculate the flow

rate here. The following ranges of variables were covered in Rouhani's

experiment.
Pressure 145—725 psia
Mass flux 0.382 x 10%-1.36 x 106 b /hr/ft
Steam quality 0.0015-0.360
Void fraction 0.010-0.90

In all cases, vertical upflow in a 0.24-in.~ID pipe was examined.

The numerical data consist of 151 sets of pressure, quality, mass
flow rate, measured void fraction, and void fraction calculated by his
model. The turbine meter velocity i1s not included; however, it may be

calculated using Eq. (36).

4,1 Void Fraction

Rouhani's method for calculating void fraction was discussed in the
previous section. Procedures for the other three models are discussed
here.

From Eqs. (10a) and (16), the relationship between the void fraction
Goa calculated using the proposed model and measured variables is derived
asg

+ el —
. c S /th (L= ag,)/og, 39
t a., p_ S+ (1 —a.,)p = — :
ca Pg ca’ 1+ /th 1 = ag,)/ag,

The void fraction by homogeneous model, o  , is obtained by inserting

Ct
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Vg = Yf = Vt in Eq. (10a), that ‘is,

- Pg — (6/V) :
Ct “‘L-:——-—E-‘ . (40)
Pe ~ Py .

Q

Substituting G = Pe fo A in Eq. (32), the void fraction by Popper’s

method, Ap s is rewritten as

W A-0 . )
t

a = 1 —
CP pf
Note that turbine meter velocity Vt is proportional to mass flux G
in all four models. Some calculated results of void fraction by the four
models are shown in Table 1. The mean error and root-mean~square (rms)

errors of void fraction in the table are defined as

L (ac - a)

Mean error = —F (42)

5 (aC - a)Z] /2
]

rms €rror = [ N

(43)

where N is the number of data and e represents ®oas Gcpr Yops OF Grpe

Table 1. Errors in calculated void fraction and mass flux
by four models to Rouhani's 151 data?

P;:g:ied Rouhani's Homogeneous Popper's
= ! model model model
Ce =1

Void fraction

Mean error -0.014 0.012 0.029 0.038

TmS errox 0.033 0.027 0.038 D.047

Maés flux

Mean error —0,018 0.044 S 0.161 0.251

rms error 0.085 0.081 0.224 0.350

%The negative sign indicates an underestimate.
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There are no significant differences among the four models, which
yield average errors between —1.4 and 3.8%. At E; = 2.3, the proposed
model gives its lowest rms error of 2.7% and a mean error of 0.1%. These
errors are nearly the same as the 2.5% error involved in Rouhani's
void-fraction measurement with a (y, n) void gage.go Therefore, it is
difficult to say which model is the most appropriate for void-fraction

measurement in two-phase flow.

4,2 Mass Flow Rate

Calculated mass fluxes by four models are derived from substituting
measured void fraction for calculated void fraction in Egs. (36) and
(39) through (41). That is,

1+ ¢r6£ £ (1 —a)la

o
i

v, (44)

[ap S+ (1—a)op.] ==
A & fS+/th(l—a)/u

v

Gy = t , (45)
(x2/a pg) + [ - )2/ (L~ o) el

2]
]

[o Py + (1 —a) pf] Ve o (46)

G

#

p [aogS+(l~‘a) pf] Vo (47)

for the proposed, Rouhani, homogeneous, and Popper models respectively.
A slip ratio in Egs. (45) and (47) can be calculated through Eq. (8) using
measured vold fraction, quality, and pressure. GA is used in this section
to distinguish mass flux calculated by the proposed model from measured

mass flux G.

Errors of mass flux calculated by four models are shown in Table 2.

Mean and rms errors of mass flux are:

L (6, —a)/a

Mean error = N . ; (48)




Table 2. - Errors of calculated mass flux by four models® (negative signs are underestimates, Ct = -1)
. Mean Mean Mean Mean Mean Mean Mean Mea?
Range of Mean Range of Mean Number Void relative relative relative
slip ratio slip ratio qualicy quality of data fraction V°14 error error differsnce °TFO¥ difference ‘errot difference
fraction G, =G G =6  _¢ye, St 7% (¢ —oge Sp TS o -guc
3 — R A A —~—F'—— t & ——-C——- ? A A
0.8-1.2 1.007 0.01-0.05 0.028 7 0.450.59 0.532 0.014 0.015 0.001 0.016 0.001 0,016 0.001
1.52.0 1,730 9.01-0.05 0.033 14 0:350.64  0.479 —0.054 .005 0.064 0,015 0.075 0.030 6.0990
1.77¢ 0.050.10 0.071 10 0.54—0.83 0.667 —0.009 0.063 0.074 0.086 0.098 0.121 0.133
1,888 0.10-0.15 0.119 4 0.72-0.74 0.730 0.072 0,151 0.074 0.202 0.121 0.273 0.187
1.917 6,150,220 0.176 1 0.78 0.778 ¢.069 0.132 0.059 0.204 0.126 0.315 0.230
2.0~2.5 2,156 6.01-0.05 0.027 [ 0.28-0.66  0.481 ~0.084 -0.010 0.084 0.006 ¢.101 0.021 0.117
2.162 0.050.10 0.077 9 0.58-0.74 0,656 ~0.075 0.01C 0.093 G.055 0.141 0.101 0.190
2.319 0.10—0.15 0.124 10 0.68—0.80 0.729 —0.02¢ 0.061 0.084 0.148 0.172 0.235 0.261
2,291 0.150.20 0.167 3 0.77-0.79 0.781 0.032 0.098 0.065 0.209 0.173 0.334 0.285
2.53.0 2.638 8.01-0.05 0.03¢ 7 0.30-0.62 0,485 —-0.112 ~0.021 G.108 G.008 G.139 0.028 G.161
2,735 6.05-0.10 0.070 5 0.64—-0.76 0.698 —0.044 0.062 0.112 0.137 0.191 0. 190 9,247
2,671 0.10-0.15 0.115 5 0.72-0.81 0.762 0.032 0.127 0.092 0.246 0.208 0.343 0.302
2.719 0.150.20 0.167 6 0.74-0.82 0.776 ~0.024 0.037 0.062 0.193 0.223 0.334 0.367
2.759 0.20G,25 0.223 5 0.80~0.87 0.826 G.042 0.070 0.026 0.277 0.226 0.489 0.429
3.0-3.5 3,279 0.01-0.03 0.027 4 0.32-0.68 0.534 —0.108 -0.002 0.123 0.041 0.170 0.061 0.192
3.291 0.050.10 0.093 1 0.73 0.730 —0.059 0.042 0.108 0.182 0.257 0.265 0.344
3.273 ¢.10~0.15 0.123 2 0.750.82 0.783 0.004 0.091 0.086 0.274 0.271 0.392 0.389
3.212 0.150.20 0.179 2 0.84—0.87 0.853 0.077 0.124 0.044 0.376 0.278 0.570 0.457
3.339 0.20-0.25 0.210 1 C.87 ..0.873 ¢.131 0,149 0.015 0.462 0.292 0.714 G.515
3.54%.5 3.518 0.01-0.05 0.033 2 0.62-0.64 0,633 —(.098 $.021 G.132 0.081 0.198 0.107 G.227
4,037 0.050.10 0.08¢C 2 0.75-0.82 0.785 -$.052 0.057 0.11B 0.237 0.305 0.317 0.388
3.817 0.10-0.15 0.135 4 0.77-0.86 0.BGS —0.007 0.060 0.068 G.318 0.327 0.463 0.473
3.937 0.150.20 0.172 2 0.81—0.83 0.819 0.005 0.034 0.029 0.357 0.350 0.557 0.549
4.5-5.5 4,508 0.01-0.05 0.047 2 0.650.66 0.657 —0.121 0.005 0.144 0.128 0.283 0.171 0.332
4,843 0.050.,10 0.080 [ 0.67-0.79 0,752 —0.073 G.029 0.113 0.262 G.361 0.348 G.453
5.149 0.10-0.15 0.114 2 0.81-0.82 0.8l14 ~0.039 0.022 0.063 0.367 0.423 0.505 0.56¢
5.261 0.150.20 0.153 1 0.86 0.857 0.031 0,040 0,009 0.504 0.459 0.716 0.663
5.5%6.5 5.567 0.100.15 0.125 3 0.79-0.84 0,815 —0.032 0.006 0.039 0.416 0.463 0.577 G.630
6.309 G.150.206 0.171 2 0.84—0.86 0.850 0,009 —0.041 —0.049 0.565 0.552 0.829 0.812

aErrors were calculated by Egs. (37b), (30b), and (ka} using mean values of slip ratio and qualitry.

61
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ot -]
rms error = N , (49)

where N is the number of data and GC represents GA’ GR’ Gt’ or GP.

There are remarkable differences among four models. The proposed
model and Rouhani's model give rms errors that are nearly the same, but
the mean error of the former is less than that of the latter. Both the
mean and rms errors of the homogeneous model are worse, and those of
Popper's model are the worst of all,

Figure 44 shows how accurately the proposed model with EL = 1 can
pradict the mass flow rvates measured by Rouhani.

To compare the proposed model with the other models, we can use any
equation 1in the previous sections. Thus, Gt/GA and GP/GA are expressed
by Egqs. (30b) and (34b), respectively, and GR/GA is derived from Eqs.
(35) and (45); that is,

)
= _._.VtA , (50)

tR

ﬂaﬂ
> |m

which 1s the inverse of Eq. (37b). The quantities (GR "'GA)/GA,
(Gt-* GA)/GA’ and (GP —'GA)/GA calculated through the above equations
can be regarded as a measure of difference between the proposed model
and the earlier models,

Table 2 presents detailed results of the calculation, and is read

in the following manner (lst row):

Seven data points of Rouhani's experiment have slip ratios between
0.8 and 1.2 and qualities between 0.01 and 0.05. The average slip ratio
and quality are, respectively, 1.007 and 0.028. Void fraction ranges
from 0.45 to 0.59, with an average of 0.532.

Values of (GC'" G)/G for the four models were calculated by Egs.
(376), (30b), and (34b) as discussed above. Slip ratio and quality were
chosen as independent variables for Table 2, so that pressure and void
fraction would be eliminated from the three equations for calculating

(GC w‘GA)/GA.
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The normalized differences (GC -~ 8)/G of the four flow models for
slip ratios in the ranges of 1.5-2.0, 2.0-2.5, 2.53.0, and 3.0-3.5 are
plotted in Fig. 45 to demonstrate the differences between models. From
Fig. 45 and Table 2, it is obvious that for § > 1,

G, < <
G Gt < G

4 R P (51)

with a few exceptions. As seen in Fig. 42, G
20 to 30%, G

s < GR for qualities below

< Gt for all but very high qualities (Figs. 28, 33, 34),

A
and GA < GP at any quality (Fig. 37).
Though Rouhani's test data contain a few points where GA > GR (see

the bottom line of Table 2), it does not contain any data at such high

qualities that G >'Gt might occur.

At slip ratios between 0.8 and 1.2, errors of the four models are
very low (<1.6%), as expected. At slip ratios between 1.5 and 5.5 and
qualities below 5%, Rouhani's method gives the best prediction of flow
rate, the proposed model underestimates the flow by 5 to 12%, and the
homogeneous model and Popper’s method overestimate the flow by up to 13
and 17% respectively. When the slip ratio is between 5.5 and 6.5, the
last two models overestimate flows by more thén 40%, even at qualities
below 5%. At any constant slip ratio, all models have a tendency to over-
estimate the flow with increasing quality, with the exception of Rouhani’'s
model at a high slip ratic. At qualities more than 20% and slip ratios
greater than 3, errors of the homogeneous model and Popper's method become
very large (more than 35%).

From the above discussion and Fig. 44, it appears that the proposed
model can be used to predict mass flow rates of the Rouhani experiment

(nonartificially dispersed flow) with an error of +10%Z.

The following discussion is suggested to explain why the proposed
model underestimates the flow at low qualities and overestimates at
higher qualities. At low qualities and void fractions greater than ~30%,
annular flow may exist. In this case water hits the outer part of the
turbine blade, and the liquid velocity influences the turbine more than
expected by the new model. As Vf is generszlly less than Vg, the actual
turbine velocity is less than expected. At higher qualities the flow
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upstream of a turbine meter may be dispersed, but water droplets may be
concentrated around the thick hub of the turbine meter due to their
greater Inertia relative to that of steam. In this case the steam quality
is greatest around the outer regions of the turbine blades, and the steam
velocity Vg influences the turbine meter Qelocity more than expected by
the proposed model.

As seen in Table 3, E; has little influence on the void fraction and

mass flux calculated with the proposed model.

Table 3. Effect of-Et on calculated void fraction and mass
using the proposed model with the Rouhani data

Et 0.5 1.0 2.0 3.0

Void fraction

Mean error ~0.030 —0.014 ~0.0003 0.006
TMS error 0.045 0.033 0.028 0.028
Mass flux

Mean error —0.075 —0.018 0.035 0.063
ImS error 0.109 0.085 0.105 0.129

5. CONSIDERATIONS IN THE USE OF THIS MODEL

The proposed model has not been checked with experimental data from
an artificially dispersed flow system; however, the comparisons with the
Rouhani data are promising, and it is expected that the model accuracy
will be increased in a well~dispersed flow,

In addition to sufficient flow dispersal, transient analysis may

require the following:

1. The densitometer, drag disk, and turbine meter should be
installed as close together as possible, without causing
mutual interactiomn.

2. Response time constants of th2 three instruments should
be the same., If this is not possible, high-frequency
filters should be used so that the response time constants

of the final data are approximately the same.
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In steady or slowly changing flow, these points may be unimportant;
however, time lags due to the spacing between devices may be significant
in rapid transients and should be minimized. A drag disk usually has a
much smaller time constant than a turbine meter. If mass flow is calcu~-
lated with the proposed model and raw data are not treated with high-
frequency filters, the errors might be large, and, in the worst case,

b in Eq. (18) might not be defined (b% < 0).
6. CONCLUSION

Although the proposed model was developed for use in & system with
artificially dispersed flow, it vields a good prediction of mass flow
rate in nonartificially dispersed flow up to 35% quality with an error
of +10% (much better than that of the homogeneous flow model). The model
is intended to be applied over a wider range of conditions than covered
by the Rouhani data but needs to be verified over this wider range.

The use of Thom's correlation of slip ratio vs pressure may incur
very large errors because of the large scatter of slip ratios at a given

pressure.

There is some probability that Gt and G, based on homogenecus flow

d

do not represent the real mass flux, even when Gt = G Based on the

evaluation of Rouhani's data Gt overestimates the trui value for S > 1,
and Gd is always expected to do the same.

The proposed model should be a valuable method to compute mass flow
rate, Quality, slip, and other variables in both steady~state and transient

two~phase flows.
ACKNOWLEDGMENT

The author acknowledges the benefit derived from discussicns with
R. F. Bennett during the preparation of this report. He is also
indebted to C. G. Lawson for his kind amalysis direction and tc D. @.

Thomas for his careful critical review.



24

NOMENCLATURE
Cross~section area of a pipe
Part of cross section occupied by gas phase
Ratio of drag coefficients of a drag disk (Cdf/Cdg)
Drag coefficient of a drag disk for liquid phase
Drag coefficient of a drag disk for gas phase
Ratio of drag coefficient of a turbine blade (th/Ctg)
Drag coefficient of a turbine blade for liquid phase
Drag coefficient of a turbine blade for gas phase
Inside diameter of a pipe
Ratio of 1liquid and gas densities (pf/pg)
Mass flow rate per unit area
Mass flow rate per unit area calculated by the proposed model
G

Representative of G GR’ and Gt

A’ p?

Mass flow rate per unit area calculated by homogeneous model
using the readings of a densitometer and a drag disk

Mass flow rate per unit area calculated by Popper's method
Mass flow rate per unit area calculated by Rouhani's method

Mass flow rate per unit area calculated by the homogeneous model
using the readings of a densitometer and a turbine meter

Momentum flux measured by a drag disk for dispersed flow
Momentum flux measured by a drag disk in homogeneocus flow
Mass flow rate of liquid phase

Mass flow rate of gas phase

Distance from the axis of a turbine meter

Ratio of the gas phase velocity and the liquid phase velocity
(Vg/Vf), called the slip ratio
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Imaginary velocity based on the homogeneity assumption for the
momentum flux measurement by a drag disk

Liquid phase velocity in dispersed flow

Liquid single-phase velocity

Gas phase velocity in dispersed flow

Flow velocity in homogeneous flow

Turning spéed of a point on the turbine blade

Velocity measured by a turbine meter in dispersed flow
Velocity measured by a turbine meter in homogeneous flow
Turbine meter velocity calculated by Rouhani's method
Mass flow rate in a pipe

Gas quality (by weight) defined in Eq. (2)
Dimensionless parameter [f (1 — u)/al

Void fraction in dispersed flow

Representative of o R’ and o

ca* %’ %c
Void fraction calculated by the proposed model

Ct

Void fraction calculated by Popper's method

Void fraction calculated by Rouhani's method

Void fraction calculated by the homogeneous model
Void fraction in homogeneous flow

Apparent density measured by a gamma densitometer in homogeneous
flow

Liquid phase density
Gas phase density
Twisting angle of a turbine blade (Fig. 3)

Angular velocity of a turbine blade
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Fig. 1. Slip ratio (V /Vf) determined experimentally for steam
and water.’ g
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Fig. 2. Arrangement of turbine meter, densitometer, and drag
disk in an instrument spool piece of the THTF.
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DIRECTION OF THE TURBINE AXIS

Fig. 3. Velocities of gas and liquid phases relative to turbine
blade velocity.
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Fig. 4. Influence of phase. density ratio on the ratio of apparent
densities calculated through the proposed model (p ) and the homogeneous
model (pao) for § = 2.0 [Egs. (23a and 23b)].
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Fig. 5. Influence of phase density ratio on the ratio of apparent
densities calculated through the proposed model (p ) and the homogeneous
model (paO) for § = 5.0 [Eqs. (23a and 23b)].
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Fig. 6. Influence of phase density ratio on the ratio of momentum

fluxes calculated through the proposed model (I ) and the homogeneous
model (I ) for § = 2.0 [Eq. (24a)].
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Fig. 7. TInfluence of phase density ratio on the ratio of momentum
fluxes calculated through the proposed model (Id) and the homogeneous
model (Ido) for § = 5.0 [Eq. (24a)].
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Fig. 8. 1Influence of phase density ratio on the ratio of momentum
fluxes calculated through the proposed model (I ) and the homogeneous
model (I ) for S = 2.0 [Eq. (24b)].
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Fig. 9. Influence of phase density ratio on the ratio of momentum
fluxes calculated through the proposed model (Id) and the homogeneous
model (Ido) for $ = 5.0 [Eq. (24b)].
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Fig. 10. Influence of phase density ratio on the ratio of turbine
meter velocities calculated through the proposed model (V ) and the
homogeneous model (V ) for § = 2.0 [Eq. (25a)].
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Fig. 11. 1Influence of phase density ratio on the ratio of turbine
meter velocitlies calculated through the proposed model (Vt) and the
homogenecus model (VtO) for $ = 5.0 [Eq. (252)].



35

ORNL--DWG 75--3506

50

V,/V,y TURBINE METER VELOCITY RATIO

05 ........... R [ ——— e

0 0.5 1.0
x, QUALITY

Fig. 12. 1Influence of phase density ratio on the ratio of turbine
meter velocities calculated through the proposed model (Vt) and the
homogeneous model (VtO) for § = 2.0 [Eq. (25b)].
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Fig. 13. 1Influence of phase density ratio on the ratio of turbine
meter velocities calculated through the proposed model (Vt) and the
homogeneous model (‘vtO) for S = 5.0 [Eq. (25b)].
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Fig. 1l4. Ratio of dispersed flow void
fraction (o) to homogeneous void fraction (ao)
plotted against dispersed flow void fraction
for different slip ratios. In this case the
phase volumetric flow rates are important, and
the phase density ratio is of no consequence

[Eq. (26a)].
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Fig. 15. Ratio of dispersed flow wvoid
fraction {a) to homogeneous vold fraction (ao)
as a function of quality for different phase
density ratios at S = 2.0 [Eq. (26b)].
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Fig. 16. Ratio of dispersed flow void
fraction (o) to homogeneous void fraction (a.)
as a function of quality for different phase
density ratics at S = 5.0 [Eq. (26b)].
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S = 2.0 [Eq. (24a)].
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Fig. 18. Influence of C4 on the ratio of
momentum fluxes calculated through the proposed
model (I4) and the homogeneous model (Igg) for
S = 5.0 [Eq. (24a)].
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Fig. 19. Influence of Cq on the ratio of
momentum fluzes calculated through the proposed
model (I4) and the homogeneous model (Iy4p) for
§ = 2.0 [Eq. (24b)].
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Fig. 22. 1Influence of E¥ on the ratio of Fig. 23. Influence of_(ft on the ratio of
turbine meter velocities calculated through the - turbine meter velocities calculated through the
proposed model (V,) and the homogeneous model proposed model (Vi) and the homogeneous model

(VtO) for § = 5.0 {Eq. (25a}]. (Veg) for 5 = 2.0 [Eq. (25b)].
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Fig. 24. Influence of E& on the ratio of

turbine meter velocities calculated through the
proposed model (V_) and the homogeneous model
(Veg) for S = 5.0 [Eq. (25b)1].
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Fig. 25. Ratio of mass fluxes based on

INEL method using drag disk and densitometer
(Gq) and proposed model (G) vs void fraction
for selected values of f and S [Eq. (29a)]
and Cg = 1.0.
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Fig. 26. Ratio of mass fluxes based on
INEL method using drag disk and densitometer
(Gg) and proposed model (G) vs quality for
selected values of 8. Use of quality as a
parameter eliminates the density ratio f in
the expression for G4/G [Eq. {29b)} and
fd = 1.0.
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Fig. 27. Ratio of mass fluxes based on
INEL method using turbine meter and densitometer
(G¢) and proposed model (G) vs void fraction for
selected values of f and § [Eq. (30a)] and
—C—t = 1.0.
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Fig. 28. Ratio of mass fluxes based on Fig. 29. Ratio of mass fluxes based on
INEL method using turbine meter and densitometer INEL method for drag disk and densitometer (Gg)
{G¢) and proposed model (G) vs quality for and proposed model (G) for selected values of

selected values of S [Eq. (30b)] and Ty = 1.0. f and S [Eq. (29a)] and Ty = 2.0.
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Fig. 30. Ratio of mass fluxes based on
INEL method using turbine meter and densitometer
(G¢) and proposed model (G) vs void fraction for
selected values of f and S {Eq. (30a)] and
Cy = 2.0,

G,/G, MASS FLUX RATIO
o
i;/

Sy

ORNL -DWG 75 3575
1.5

05
a 0.5 1.0

x, QUALITY

Fig. 31. Ratio of mass fluxes based on
INEL method using drag disk and densitometer
(Gq) and proposed model (G) vs quality for
selected values of f and S [Eq. (29b)] and
-C-d = 2,0,
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Fig. 32. Ratio of mass fluxes based on
INEL method using drag disk and densitometer
(Gg) and proposed model (G) vs quality for
selected values of f and S [Eq. (29b)] and
Cq = 5.0.
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Fig. 33. Ratio of mass fluxes based on
INEL method using turbine meter and drag disk
(G¢) and proposed model (G) vs quality for

selected values of S [Eq. {30b)] and'Ea = 2.0.
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Fig. 34. Ratio of mass fluxes based on
INEL method using turbine meter and densi-
tometer (Gy) and proposed model (G) vs quality
for selected values of S {Eq. (30b)] and
Ct = 5.0.
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Fig. 35. Ratio of liquid phase velocity
to turbine meter apparent velocity (= Popper's
liquid phase velocity) based on proposed model
[Eq. (34a)]; S = 2.0 and C = 1.0.
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Fig. 36. Ratio of liquid phase velocity

to turbine meter apparent velocity (= Popper's
liquid phase velocity) based on proposed model
[Eq. {(34a)]; S = 5.0 and C¢ = 1.0.
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Fig. 37. Ratio of liquid phase velocity

to turbine meter apparent velocity (= Popper's
liquid phase velocity) based on proposed model
[Eq. (34b)]. When V¢/Vy is expressed as a
function of quality, the density ratio f is
eliminated; Cp = 1.0.
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Fig. 38. Comparison of void fractions
calculated through Popper's model (acp)} and
the proposed model (a) for selected values of
£ and S [Eq. (33)1; Cp = 1.0.
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Fig. 39. Comparison of void fractions
calculated through Popper's model (agp) and
the proposed model (o) for selected values
of S, C¢, and £. Curves for § = 4, £ = 500,
and S = 1.5, f = 12 are similar to curve a
if C¢ = 2.0; curve b is Cy = 5.0 [Eq. (33)1].
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Fig. 40. Detailed sketch of velocity vectors about a turbine
blade and comparison of turbine blade designs appropriate to Rouhani's
model and the proposed model.
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Fig. 41. Ratio of turbine meter velocities calculated with the
Rouhani model (V,p) and the proposed model (V¢) vs void fraction for
selected values of f and S [Eq. (37a)]; C¢ = 1.0.
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Fig. 42. Ratio of turbine meter velocities calculated with the
Rouhani model (V,.p) and the proposed model (Ve) vs quality for
selected values of ‘8 [Eq. (37b)]; Tp = 1.0.



52

ORNL -DWG 75--3537

1.0

Upg, VOID FRACTION FROM ROUHAN! MODEL
o
U

0 0.5 1.0
«, VOID FRACTION FROM PROPOSED MODEL

Fig. 43. Comparison of void fractions from Rouhani model (acg)
and from proposed model (a) for S = 2, £ = 50, C = 1. The conditions
S =23, f=200, Ct =1 yield almost the same curve.
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with Rouhani's measured flow rate.
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