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ABSTRACT

In the theoretical part, a system of differential equations
is formulated and solved numerically to calculate the net-entrain-
ment mass-flow rate in the gas core of annular two-phase flow. In
the conservation laws of mass, momentum and energy = which form
the base of the above mentioned system of equations - a semi-empi-
rical model established by Levy is used to calculate the inter-—
facial shear stress between the vapour phase and the liquid film
at the tube wall.

In order to test the theory, experiments in an externally
heated tube have been performed with the model-fluid R 12. The
entrainment mass—-flow rate was measured by the aid of an optical
method, which delivered very good information about the structure
of annular flow. The experimental results are compared with the
theoretical prediction. The agreement is quite satisfactory.

NOMENCLATURE

Symbol Quantity SI-Unit

o} diameter m

Dh hydraulic diameter m

F cross-section area m?

i mass f£low rate kg/s
radius m

Sp £ilm thickness m; mm

9n acceleration of gravity 9.8 m/s?

Ly speclfic latent heat of kJ/kg
vaporization

z characteristic length m

f mass flux density kg/m?*s

P pressure bar; N/m?

4 heat flux density W/m?; W/ cm?
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u; Vi ow velocity m/s

¢ mass density kg/m?

T interfacial shear stress N/m?

X = MFl/Mges quality -

AP/AL pressure drop per unit N/m?m
length

B dimensionless entrain- -
ment numbers

& void fraction -

Indices

Ent Entrainment

ges total

D related to the vapour phase

Fl related to the liguid phase

core; C related to the gas~core of
an annular flow

DO Dryout

INTRODUCT ION

In lack of detailed information about the exact phase distri-
bution in the annular flow regime, many theoretical models base
on the assumption that the liquid phase flows as a thin film with
a smooth surface at the tube wall, while the vapour phase - due
to its lower density - with higher velocity in the centexr of the
channel.

These models failed to describe certain phenomena, so for
example pressure drop or film thickness, as they occur in a real
annular flow. The comparison between measured and calculated re-
sults show that the deviation is sometimes in the range of 100 per-
cent.

More realistic is the conception that a part of the ligquid
phase is carried away in form of droplets by the vapour phase in
the gas core of the annular flow.

The knowledge of the real phase distribution - in vapour, li-
quid £ilm at the tube wall, and entrainment - especially in diaba-
tic two-phase flow becomes more and more important in the last
years, since the heat-flux densities in heat exchangers increase.
Especially in the core of a nuclear boiling-water reactor with
high void fraction the liguid fraction entrained is important for
calculating critical heat flux, pressure drop from a momentum ba=-
lance or for describing the heat transfer as well in the pre-dry-
out or in the post-dryout region for steady state and for transient
(blowdown} conditions in the case of a LOCA (loss-of-cocolant acci-
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dent) .

For the theoretical prediction of the entrainment mass flow
rate a system of differential equations is used including the con-
servation laws for mass, energy and momentum and a semi-empirical
model evaluated by Levy to estimate the interfacial shear stress
between the phases.

THEORY

Mmmﬂmsmd%ﬁﬂﬂms

We assume that

~ the flow is one-dimensional
- all entrained liquid has a common velocity w NT (z,t)
which is different from the gas-phase velocigy vy (z,t)
- the gas core radius r, is constant over z and in time
~ there is no evaporatién or condensation on entrained droplets

and define E as the ratio of entrainment mass flow to total liquid
mass flow in the duct at position z at time t

) oy o Ment  _ Mem (1)
E = Blzjt ) = o™ Wiges %)

By differentiating eqg. (1) with respect to the channel length z,
one obtains an equation that allows the calculation of the gra-
dient dM /dz.t.m. the change of the entrainment mass flow rate
with respedt to the channel length, provided E (z,t} is known:

dMey .| 3E 1 OMges 1 (2)
vz Meesll-R) 57 +E[M9“az {T=xT 3z

For steady-state conditions eq. (2) reduces to eq. (3}, because
the total mass flow rate is not a function of the channel length.

dMenit o [(1-x) JE. _g.dX (3
Tzﬂsm-mw [(l x) 7 B J

In addition to eq. (3) one must formulate the momentum balance
over the cross section of the gas core of the annular flow to cal-
culate the gradient dE/dz, and the energy balance over the heated
length of the channel to calculate the gradient dx/dz.

Momentum and energy balance

The basic conservation principle for momentum can be stated

The sum of
The rate of
change of | — |Mementum | _|Momentum Momentum| __| the forces
momentumn | | outflow rate inflow rate| = |storage rate acting on the

control volume

Fig. 1 shows the forces acting on the control volume. The radial
boundary of this control volume is the liquid film surface, because
the important physical phenomena for the droplet entrainment occur
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Fig. 1: Momentum balance acrossg
the gas core of a two—
phase annular flow with
heat addition

at this surface.
In accordance to fig. 1 the single forces are
a driving force resulting from the pressure drop
an intexfacial shear stress force
a gravitation force and
a momentum force resulting from the phases in
the gas core.

The momentum balance can be written as
6 n 6 n
3z (MpWp+thenr Wenr)-dz ‘[2'"'-“" + &(ﬁ‘n‘ﬁ‘em)dz'fzm dr »
o

]
Tt {p-{p+ %sdz)) ~21n -r;-dz—lz'n:rdr-a- g';dz

These simplifications are already explained in the chapter "Assump-

tions and Definitions".
By introducing E as defined in egqg. (1), we have
Tl 2 (ﬁ\gas-(:—?%[g—o*%—%'ﬁ][X+E(1-x)])dz+ (5)
4T (ﬁxg..u—E)g%nhm(1-x)§—§+(x+E(1-x))9§‘fﬂﬂ)dz=
m,z(p-(p-vg—:dz))-znn -1:|-dz—u 21r.g+(gp-€+ Qg (1~€))drdz

From this momentum equation one can calculate dE/dz, provided Ty
and O0p/dz are known. For steady state conditilons, one can set the
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time—depend%ng gradients in eq. (5) equal to zero, which leads to
eg. (6), which can be used to calculate the gradient dE/dz in a
steady state two-phase flow with heat addition.

2: d E(l -
dE . . ""L; 'afzz"' ::E I-: Tolzm, 250 L5 -f(E-xJU'E!i'-?—n'rh o) (6)
. - -X - ] 1 ! i 1o
dz rigonlg] |G (X522 - BEX) )] 2 % iz 19,
where

T B0 ) + (e EU2).1-8)
T, - (x.E(!-x))~(l—;"}‘~)+(%.Eil’jQ).(| -x)

Eq. (6) includes the simplification that for relative thin films
the ratio of inner tube radius to radius of the film surface is
very close to 1 and the ratio does not change very much along the
channel, so that the gradient 4 (ro/ri)? /dz was set equal to zero.

Furthermore it is interesting to see which effect is the most
essential one for the occurance of liquid entrainment in annular
flow. I'ig. 2 gives an idea of the influence of the single terms
that have been discussed in the entrainment equation.(eq.6)

The dominating effect is the pressure drop, followed by the
interfacial shear stress term.

In addition to the momentum balance an energy balance over

the heated length of the channel is required to calculate the
change of the gquality with respect to the channel length. Further-
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Fig. 2: Single Terms Influencing the Entrainment Rate
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more the Levy model to determine the interfacial shear stress /5/
is required.” If the pressure drop of the two-phase flow is known
from measurements or from the calculation with one of the well-~
known computer codes - for example Relap 4 - the set of differen-
tial equations can be solved numerically by the aid of a diffe-
rence method of the Runge-Kutta type.

TEST RESULTS

Measuring technigue

To test the theory measurements of the liguid fraction en-
trained had been carried out, using an optical measuring technique
similar to an arrangement introduced by Hewitt and Arnold /1/ in
1964.

As shown in fig. 3 a slit device to separate the liguid film
and the droplet-loaded vapour core, with a glass tube to expose
the flow and a glass window to get an axial view in flow direction,
was positioned at the end of an electrically heated tube. We used
a stainless steel tube with an inner diameter of 0.014 m and a
heated length of S5 m.

The advantage of this so-called "axial-view-method" ig demon-
strated in fig. 4. The photc on the right hand side delivers much
more information than the photo taken in the same moment rectan-
gular to the flow direction.

With a special evaluation-method - described in detail in /2/
and /3/ - the entrainment mass-flow rate could be analyzed from
high speed movies or from a series of single photos.

Steady state tests

In a first step tests at steady state conditions had been
carried out using the model fluid R 12. The entrainment mass flow
had been measured in dependance of the following parameters.

total mass flow rate M = 300 ... 1000 kg/m?®s
local quality x98% = 0.2 ... 0.94
t =
system pressure Pges 8 ... 14 bar
axial view window
?camam
4 1est section
5 —E==
- illumination
A I’
1 lamp
T
! |
H 0

Flg. 3: Slit Qevice and camera arrangement
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Fig. 4: Comparison of the measuring techniques

test section length Z

total heated length 5 m
inlet subcooling

ah = 3 ... 20 ki/kg

The experimental results show that the total mass flow rate and
the local quality are the most important parameters influencing
the droplet entrainment, while the other parameters - listed
above - did not affect the entrainment mass flow rate essentially,
as demonstrated in fig. 5 and fig. 6.

The experimental results show good quantitative and gualita-
tive agreement with measurements in the literature /4/.

For the recalculation of the test results the measurements,
shown in fig. 5, are represented in form of the dimensionless en-
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Fig. 5: Entrainment mass flow rate as a gunction of quality, for
different total mass flow rates Bges and system
pressures p
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trainment number E as defined in eq. (1) =- see fig. 7.

Fig. 8a and b show the recalculation of characteristic test
results with the theory. The agreement between experiments and
theory is quite satisfactory.

The maximum deviation (of about 15 percent) occurs especilally
in the region of low gqualities with thick and wavy films where the
phase distribution is not fully established. To verify the theoxy
for other media than R 12, entrainment measurements with water-
steam two-phase flow carried out by Keeys /4/ had been recalcula=-
ted, too, see Fig. 9.

E 1,0 A 4 /,
$ 08 1V /1 7
10004 Vv /]
05 P pd
R12: m 1< P
04 o th= 300 kg/m's L~ s00 |~ T 300
4 * = 500 kg/m’s >
s th= 700 kg/m's e
02 a th = 1000 kg/m's = P
L
//
—
02 04 0,6 08 . 10

Fig. 7: Steady-state entrainment measurements with R 12
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Fig. 8: Comparison between measurements and theory for R 12 flow

These authors measured the entrainment mass flow rate at a
system pressure of 70 bars and at relatively high mass fluxes.
The comparison between measured and calculated data for these
tests show good agreement, too.

Lransient Tests

In addition to the steady state tests, the liquid fraction
entrained was measured in a transient annular flow corresponding
to depressurization conditions in a nuclear reactor core during
blowdown.

The entrainment mass flow measurement had been carried out
in the annular flow regime immediately before dryout, see fig. 10,
and the results of these measurements are shown in fig. 11. With
larger acceleration of the phases - corresponding to larger cross
section areas of the simulated break - the amount of droplets
entrained from the liquid film surface increases rapidly, too.

At relatively low acceleration of the phases a "quasi-statio-
nary" entrainment behaviour has been observed, that means decrea-

2720 1§
20K q0t0 \m-mavg/m’s
v 4 =1338W/em?
. o n
M, g

exr ; Fig. 9: Comparison between measu-
2 pxB9sbar  — red and calculated data
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sing entrainment mass flow at high void fraction combined with

very thin liquid films at the tube wall /6/. At high acceleration
rates the interfacial shear stress forces are so high that liguid
droplets are torn away even from very thin films, so that the en-
trainment mass flow increases until the dryout occurs. Due to the
rise of the liguid fraction entrained the reduction of £ilm thick-

ness is very significant, so that there is a very short annulax
flow period at great break areas - see fig. 10.
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I tolerance of measurements

-{tolerunca of measuremaents
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Fig., 12: Comparison between measured and calculated transient

entralnment data

Fig, 12 shows the transient entrainment data in form of E as
a functlion of the void fraction and their recalculation with the
presented theory. The pressure drop must be taken from transient
measuremnents to solve the set of equations assuming that the in-
terfacial shear stress model of Levy is valid for transient
conditionsg.

As the measurements of the pressure drop under transient
conditions are very difficult and incorrect, the agreement between
the theoretlcal. forecast and the measurements is not very good.

By correcting the transient pressure drop measurements with
the empirical factor C* = 0,7 the deviation between measured and
calculated entrainment data is in the range of 20 percent as
shown in fig. 12.

SUMMARY

A sek of Alfferential equations basing on the conservation
laws for maes, energy and momentum leads to the description of the
entrainment mass flow in the annular flow regime as well for stea-
dy state as for transient conditions. For the verification of this
theory measurements with the model fluid R 12 had been carried out
using an optical measuring technique. The comparison between mea-
sured and calculated entrainment data shows satisfactory agreement .
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