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to Collaboration in the Field of Modelling of Loss of Coolant
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publication of this report as a USNRC document in order to allow
the widest possible circulation among the reactor safety community.
Neither the United States Government nor the United Kingdom or any
agency thereof, or any of their employees, makes any warranty,
expressed or implied, or assumes any legal 1liability of
responsibility for any third party's use, or the results of such
use, or any information, apparatus, product or process disclosed
in this report, or represents that its use by such third party
would not infringe privately owned rights.



Abstrace:

An assessment is carried out of the interpnase drag correlations
used in modelling vertical two-phase flows ia the advanced
thermalhydraulic codes RILAPS/¥Med2 and TRAC-PFl/Modl. The
assessment is performed bdv using code z:odels to calculate

void fraccion in fully developed steam-water flows, and
comparing results wich pgredictions of scandard correlatioms

and test data. The study is rescricted to the bubdbly and

slug flow regimes (void fractions below 0.75).

Faor upflows, at pressures of incerest in PWR small break LOCA
and transieac analvsis che performance of the code models is
generally sazisfaczory. ESxcspcions are {i) small hydraulic
diamecter channels at low pressurs (p K % MPa) (ii) larzge pipe
diameters at void fractions exceeding 0.5; in these cases void
iraction errors are cucside normal uncertainty rcanges.

For downflows, the code models give z0o0d agreement with iimited
available void fraction Zacta.

The numerical resulzs given in this paper alliow a rapid estimacte
to be made of void fraction ervors likely zo arise inm a
particular code application due co Setficiencies ina intarphase
drag modelling.
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Executive Summarv

In some small break loss-of-coolant accidents (LOCAs) and pressurised
transients in PWRs, system behaviour depends strongly on the void
fraction in vertical loop components. For example, when the reactor
core is partially uncovered, the boildown rate is influenced by the
void fraction which determines the continuous liquid level. Similarly,
the void fraction in the core and other vertical flow paths strongly
influences the duration of core dry-out when core uncovering is caused
by a balance of hydrostatic forces. To provide an accurate numerical
simulation of these situations it is necessary to model properly

the interphase relative motion (slip) in the vertical loop components.

RELAPS5/Mod2 [1] and TRAC-PFl/Modl [2] are advanced thermalhydraulic
codes presently being used in the UK for PWR fault transient analysis.
Both codes employ a two-fluid model in which separate momentum
equations are solved for the gas and liquid phases. Flow-regime
dependent constitutive equations are specified to model interphase
momentum transfer.

In mixed £low regimes such as bubbly, slug, and churn flow, it is
generally accepted that interphase slip is made up of separate contributiomns
from the motion of gas bubbles relative to the surrounding liquid
('local' slip) and from the non-uniform profiles of void fraction

and gas veloci:y over the pipe area ('profile' slip). The
one~dimensional two-fluid models in RELAPS5/Med2 and TRAC-PF1/Modl
assume a uaiform profile of void fraction and steam velocity over the
pipe area; therefore profile slip is not modelled explicitly. Instead
profile effects are modelled indirectly by using empirically based
interphase drag coefficients. However, since the processes producing
the interphase slip are not fully simulated, the accuracy of this
approach is questionable.

The present note describes an assessment of the performance of the
interphase drag relationships in RELAPS5/Mod2 and TRAC-PFl/Modl, iz
modelliing vertical flows. The method used to assess the drag relationships
is to apply them ro calculate the void fraction in steady, fullv-developed
verzical steam-water flows under conditions of typical interest in

reactor transient analysis. Results are then compared with the void
fracrtion predicted by standard empirical correlarioms, or with test

daca.



Graphical results are presented which can be used for a rapid
estimation of the void fraction error which is likely to arise in a
particular application of RELAPS/Mod2 or TRAC-PFl/Modl due to
deficiencies in the interphase drag modelling. The main fiadings
can be summarised as follows:

(i) the intarphase drag models ia RELAPS/Mod2 and TRAC-PFl/Modl
perform comparably well in modelling verzical Zlows;

(i) errors in the two-phase =mixture density increase with
decreasing liquid fiux, increasing steam flux, increasing
pipe size and decreasing pressure;

(iii) for upflow, at the pressure of interest in =modelling small

break LOCAs and transiencs in PWRs (p > 4MP3), the errors in
two-phase amixture density are not grossly different from
ervors normally expectzed in applying standaré correlations
for void fractiom. Zxceptions are larze pipe sizes at void
fractions excseding 0.5, and small pipe sizas at low pressure
(p £ 4% MPa), where arrors beccme large.

For downflow the ccde =zodels gerform verw well in ccmpariscn
wicth the lizized void fraction data available.

Finally, it is noted that the raper axamines the modeliizg equatiouns
themselves, rather than cheir numerical implemencat:ion in the codes.
Ia practice the numerical value of the interphase drag force is
calculated by cembining iaformacion from upscream and downstream
volunes. Therefore, computed values are sensitive o cell 3ize

and positioning cf rnode boundaries. Additicnal ccmparisomns with
actual code calculations are needed to assess the implementation

of the models within the codes.



YNotation

a Pipe area
Dh Hydraulic diameter
Fuk Force on phase k per unit flow volume due to wall shear
fgl Interphase drag coefficient
g Acceleration due to gravity
G Mass flux
j Volumetric {lux
Md Interfacial drag force on phase k per
kz unit flow volume
] Pressure
u Velocity
z Axial co-ordinate
x Volumetric concentration
& Relative velocity (= u, = “l)
T Mass generation rate per unit £low volume
G Surface Tension
o} Density
Ap Density differenée = ("2. - pg)
8 Inclination angle of pipe
Subscrinpts
-4 Property of gas phase
2 Proverty of liquid phase
i Property of gas-l;quid }n:erface
gX Difference between gas and liquid phase value






INTR0DLCTION

In some small break loss—of=-coolant accidents (LOCAs) and pressurised
transients iz PWRs, system behaviour depends strongly on the void
fraction in vertical loop cocmponents. Zor example, when the reactor
core i{s partially uncovered, the boildown rate is influenced by the
void fraction which determines the continuous liquid level. Siailarly,
the void fraction in the core and other vertical £low paths strongly
influences the duration of core dry-out when core uncovering is caused
by a balance of hydrostatic forces. To provide an accurate aumerical
sizmulation of these situations it 1is necessary to model properly the
iaterphase relative motion (slip) in the vertical loop components.

RELAPS/¥Mod2 {1] and TRAC-2Fl/Modl (2] are advanced thermalhydraulic
codes presently being used in the UK for PWR fault transient analysis.
3oth codes employ a two-fluld zodel ia which separate momentum
equations are solved for the gas and liquid phases. Flcw-regine
dependent constitutive equations are specified to model interphase
aomentum transiar.

In mixed flow regimes such as bubbly, slug, and churn flow, it is
generally accepted that interphase slip {s zmade up of separate
contributions froa the aotion of gas bubbles relative to the
surrounding liquid ('local’ slip) and frem the non-uniform profiles of
void f£raction and gas velocity over the pipe area ('profile’ slip)
{see e.g. ref. [2]). The one-dimensional two-fluid acdeis in
RELAPS/Mod2 and TRAC-PFi/Modl assume a uniform profile of =z and u,
over the pige area: therefore profile slip is aot modelled &Explicifly.
[astaad profile effscts are zodellad iadirectly by usizng empirically
based interphase drag coefficients. Jowaver, since tie processes
croducing the interphase slip are aot fully simulated, the accuracy of

this approach {3 guestionable.

The present note describes an assessment of the perZormance of the
iatarphase drag relationsnips in RELAP3/Mod2 and TRAC-PF1l/Mod L, ia
acdellizg vertical flows. The zethod used to assess the drag
relationships is to apply them to calculate the void fraccion iz
steady, fully-developed vertical steam-watar flows under conditions of
typical izterest ia reactor transient analysis. Results ara then
compared with the void fractlon predicted by standard empirical
correlations, cr with test data. The adequacy of the iaterphase drag
models is reviewed iz the light of these comparisons. The assessment
is confined to bubbly and slug flcw conditions (J% QD.75).

SELECTICN OF VOID TRACTION CORRELATIONS TOR CODE ASSESSMENT

Correlations were selacted from the iicerature to provide 'bestc
estimate' void fraction predictions for comparisomn with the void
fractions calculated with the code models. Selectioan of appropriata
models for upflow and downflow is described below:

2.1 Co=-curvent Uoflcw

There are extensive void Iraction data available Zor
co~curTent upflow of steam-watar and air-water wmixturas, and a
aumber of void fraction correlations have been proposed ia th
ijterature. for the present application a 'best—-estizmate’

nodel was developed by ccmbiaiag the corralacions of Wilson
at al {4] and Rooney {51.



The Wwilson correiation has the functional fora

c= f(jg: jl’ pg’ pl’ S D) . (l)

where the function f is defined in Appendix A, section Al.O.

The Wilson correlation is based on steam~water data for
pressures in the range 2.0 = 13.8 MPa and pipe diameters
between 100 - 914 =m [4, 6). However in ref [7] the
correlation was tested against steam-water level—-swell data
obtained in the THETIS rod bundle facility (D, = 9.12mm) at
pressures between 0.2 and 4.0 MPa. In that study it was found
to perform well if the dimension D in the correlation was
equated with the hydraulic diameter of the rod bundle. Thus
the correlation is considered reliable for PWR core
conditions, despite the fact that this geometry is outside the
range of its original data-base.

for higher flows (Ku, 2> 10) the Wilscn correlation falls
outside izs range of“validity. Then the Rooney correlation (5]
which has the form,

c. = g (2)
3 < —
o J

1s used. The parameter Co'in equation(2) is pressure and flow
dependent and Is defined in Appendix A seczion 42.0.

Well established correlations of the same form as equation(2)
have been given by Bankoff [8] and by Armand and Treschev [9]
with slightly different specifications for the parameter Cos
the Rooney correlation has been selected in preference to
these correlations on the basis of its marginally better
performance in comparison with an HIFS data base [10].

The 'best estimate' correlation of void fraction for upward
flow used in this assessment combines the Wilson arnd Rooney
correlations according to:

& = ain (Wilson, Rooney) (3)

Equation(3) is found to satisfy the limits of validity of the
Wilson correlation.



Tguation (3) was used as a basis for assessing the periorzance
of the interphase drag equations used in the codes in upflow.
However it must be recognised that there is considerable
uncertaiaty in void fraction predictions obtained from any
empirical correlation. Ref [10] compared several commonly used
void correlacions with steam—water and air—-water data from
7arious sources. Even the most successful correlatious give
RMS errors in two-phase mixture density in the range

17 - 30%.

In order to give an indication of these uncertainties,
comparisons were made between predictions of eq(3) and
predictions of some alterzative correlatlons in common use.
The following correlations were selected for this purpose:

(1) EPRI correlation {ll1]. This correlation has been
validated against an extensive database although the
bulk of comparisons presented by the developers 1s for
small pipe sizes;

(11) Zuber = Findlay correlation [3]. This zodel has a
siaple form and has been widely used for modelling
vertical flows ia open pipes;

{1ii) Cuaniagham = Yeh correiation [13]. This acdel was
developed Zrom vecidage data inm a large PWR~type pin
tundle under static boildewa conditioas.

The foras of these correlations are given in Appendix A.

2.2 Cocurrent Downflow

For co—curvreat downflow very few vwoid fraction data ars
availaole and no well estabiished correlations are kaown to
the present authors. Accordingly, the perforzance cf the code
nodels was assessed against the daca of Pecrick [12].

Petrick's data are for steam/water aixtures in a 4%mm pipe at
pressures of 4.1, 7.0 and 10.3 MPa, with gas and liquid
superficial velocities up to about 1.5 m/s. Comparison with
these data provides a liaired test of the code models at small
dismeters and lcw to moderate flows. It appears that no daca
are available for larger pipe sizes.

SSESSMENT OF INTZRPHASE DRAG MODELS 7N
AC=SF1l/¥MODL and IELAP3/MOD2

r’

. To assess the iaterphase drag =zodels in the codes, the drag equations

are first used to develop relaticnships between the void fraction and
the phase flow—-rates, for the case of a steady fully developed
steam=watar flow Iin a uniform area wvertical pipe. The void fractions
abtained from these relaszlonships are then compared (i) wich
predictions of the best—-estimate empirical correlation for upflow
described ia seczion 2 and (ii) wizh limicad available data for
downilcew.

L




3.2

Develooment of EZguation for Veid Fraction

The momentum eguations in the RELAPS5/Mod2 and TRAC-PF1/Modl
aodels can be expressed in the following general form

2 1 3 2
éz(akpkuk) + 3 = \agRy )

= -a.pg sin€ - a %2 + Hi: + Fup
+ Uxs 3& (4)

where 8 = %/2 for upflow and -2 for downflow. In both codes,
the interfacial drag force per unit flow volume is represented
by an equation of the form:

d .

Moy = -5, m ] om (5)

where fgl is a gemeralised interphase drag coefficient and
i - Ug-ul

For steady, fully developed flow the derivative terms in the
lefr hand side of (4) can be set to zero. Eliminating (dp/dz)
between the resultant equations for the gas and liquid phases,
neglecting zmomentum exchange between the phases due to mass
transfer (which is usually small), and using equ(sS), we
arrive at the following algebraic equation for the relative
velocity.

Mlu] = (gsinb cgzzr’.‘.o - af,,;+ alfwg)/fgl (%)

&

Since unifora £low is assumed A: is related to the phase k
superficial velocities by the egquation:

jg/“é - /e, = M (7

If formulations for the interphnase and wall friction terms

fo Ta ave specified, equations (6) and (7) can be used to
calculate the void fraction in terms of the phase superficial
velocities jg and g

Comparisons with Empirical Void Correlations and Measurements

The formulations for interphase drag and wall friction used in
RELAPS/Mod2 and TRAC-PF1/Modl, are given in Appendix B and
Appendix C. Short computer programmes Were writtem to solve
equations (5)=(7) using these intarphase/wall frictiom
ralationships.

&~



3.2.%

Comparisons f£or Vertical Upilow

Results of the calculations for vertical upflow are showa in
Flgs. 1 and 2. The dashed lines are the predictiomns obtained
in the RELAPS5 and TRAC-PFl models. The solid lines are the
corresponding predictions of the Wilson—Rooney best-estimate
void correlation described in sectionm 2.1. Calculations are
given for D, = 0.0la and 1.Cm (aocminal values for the reactor
core and main loop pipework respectively) at pressures of
10.0, 4.0 and 1.0 MPa. (Note that the pressure range 4.0 =
10.0 ¥Pa is the range of chief interest for PWR small break
LOCA analysis. At lower pressures emergency cooling watar is
injected frem accumulators, leadiag to rapid system
refilliag.)

inspection of the Figures shows resasaonably good correspondence
between the RELAPS and TRAC results and the Wilson-Rooney
correlation for moderate aand high liquid flow—-rates and small
hydraulic diameters. Discrepancies are largest for low
pressures, large pipe diameters, low valuas of 32 and high
values of jg'

Since two-phase density rather thaan void fraction is the
quantizy of physical interest in godelling an uncovered core,
it is more zeaningful to discuss density errors than errors ia
void fractiom. Tizure 3 plots percentage error ian the density
against the void fraction, for the limit of zero liquid
flow=-rata (jl = Q0 ) where errors tead to be largesz. The
percentage error in the two—phase density is defined as

* x 100

~ (3)

where P! is the density calculated with the Wilson-Rooney
correlation and "< is cthe density calculated with RELAPS or
TRAC =models. The abscissa is the void fraction predicted by
the Wilson-Rooney correlation.

Fig. 3 shows cthat the 'density errors' cbtained usiag the
RELAPS and TRAC models are of comparable =magnitude.

Figs.4 and 5 compare the 'density errors' obtaimed usizng the
code models with the 'errors' obtaianed using the cther
correlations for g« in vertical upflow, listed ia sectiom 2.1l.
The calculations a¥e for j; =0, and pressures of 4.0 and

‘'10.0 MPa, which span the prassuras range of chief intarest in

PWR small break LOCA analysis. The 'density arrors' associated
with each correlation are obtained from equ(8) by =making g,
equal to aixture density calculated with the correlation, and

the aixture density calculated witch the Wilson-Rooney
zodel.

w



Examination of Figs.3-3 leads to the following observations:

(L) for small nydraulic diameters (characteristic of the
Teactor core) the code models perform well at a .
pressure of 10MPa. At lower pressure the void fraction
is increasingly over—-predicted. At 4.0 MPa, density
errors of 30-40%Z are apparent at void fractions of
about 0.5, which are significantly outside the
uncertainty range of +15% indicated by the
correlations.

(2) for large hydraulic diameters the code models perform
well at all pressures for < 0.5. However for higher
values of aé, the density errors become large.

3.2.2 Comparisons for Downflow

As noted in section 2.2, there appear to be no reliable
corralations for void fraction in vertical downflow. Therefore
void predictions obtained with the RELAP5/Mod2 and TRAC-PF1l
models were compared directly with the test data of Petrick
{12]. Comparisons are shown in Tig. 5 for tests at a pressure
of 7.0 MPa (1000 psia). Agreement is very good in both cases,
with the RELAPS models performing somewhat better than the
TRAC models overall, particularly at high void fractioms.
Similar comparisons were made with data at pressures of 4.1
ard 10.3 MPa and similar conclusions were reached.

DISCUSSION AND CONCLUSIONS

The nuwmerical calculations in Figs 1=3 can be used for a rapid
estimation of the void fraction error which is likely ts arise in a
particular application of RELAPS/Mod 2 or TRAC-PFl/Mod 1 due to
deficiencies in the interphase drag modelling. In assessing the
magnitude and significance of the errors, ocur main conclusions are as
follows.

(1) the interphase drag models in RELAPS5/Mod 2 and TRACPF1l/
Mod 1 perfora comparably well in modelling vertical £flows;

(11) errors in the two-phase mixture density increase with
decreasing j,, increasing js, increasing pipe size and
decreasing pressure;

(iid) for upflow, at the pressure of interest in modelling small
break LOCAs and tramsients in PWRs (p >4MPa), the errors in
two—phase mixture density are not grossly different from
errors oormally expected in applying standard correlations for
void fraction. Exceptions are large pipe sizes at void
fractions exceeding 0.5, and small pipe sizes at low pressure
(p < 4 Mpa), vhere errors become large).

For downflow the code models perform very well in comparisbn
with the limited void fraction data available.



The present paper nas examined the modelling equations
themselves, rather than their numerical implementation in the
codes. In practice the numerical value of the interphase drag
force 1s calculated by combining information from upstream and
dowustream volumes. Therefore, computad values are sensitive
to cell size and positioning of node boundaries. Comparisons
with actual test data are needed to assess the implementation
of the models within the codes.
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A2.0

APPENDIX A

Description of Void Fraction Correlations used for Code Assesszent

Wilson correlation [4]

This correlation is based on steam=-water data in pipes of 100 tm and
480 mm diameter at pressures between 2.0 and 5.5 MPa [6], and
additional data obtained in 460 mm and 914 om diameter pipes at
pressures between 4.1 and 13.8 MPa [4]. The tests were done with
either zero liquid flow-rate (stagnant pool type conditioms) or at
swall liquid flow-rates established by nactural circulazion. The
correlation has the following form.

AR LY AL
c = Cl‘——! Kug _: (Al)

where
Cl = 0'564, CZ L 0.12, C3 - 0067, C.l‘ = 001, CS = 0.6 for Ku < 105

G = 0.619, C2 = 0.12, C3 = 0.47, C, = 0.1, C3 = 0.6 for Ru_, > 1.5

Rooney correlation {3}

is corralation has the form

J (42)

g, = 1
s T s

Q

The parameter C, is a function of flow-rate defined ia the following
table:

| o I
| Ca/3 | ¢, |
| | |
| ! i
} 0.0 | 1.00 |
| 0.006 } 1.050 |
} 0.013 | 1.100 ]
| 0.021 i 1.150 ]
] 0.031 | 1.200 |
I 0004/ I 1025 l
| 0.060 ] 1.275 |
| 0.010 i 1.300 |
| 0.140 ] 1.300 ]
| I ' ]
where
Up = (g 20/ pi ) 0:23




In ref.[10] the Rocney correlation was compared against the HIFS
database for steam-water {low In vertical tubes, (tube diameters in
the range 9 - 170 2m and pressures in the range 3.0 - 15.5 MPa). The
correlation was shown to perform satisfactoriliy.

A3.0 EPRI Drifec Flux correlation {l1]}.

The EPRI correlation has the form

= j + vV _.
€ = Jg/(Ced + Vg 4) (a3)
where C, and ng are functions of flow properties, including void

fraction.

The EPRI correlation was developed from a large database of
steam—water data. The database covered the following condicions:

Gy=9 J.1 <Dy < G.2a 0.1 <« p <« 0.4 MPa
Gl’ 0 Dh = 0.01lm 0.1l <« p < 0.8 MPa
100 « G, < 300 kga~2s™> b, = 0.158m 8.0 < p < 16.0 ¥Pa

8.3 Pa

A

500 < G, < 2000 ¥gn">5"% 0.0l < D, < 0.05m 3.0 < p

A4.0 Zuber = Fiadlav Correlation {31

The Zuber—=Findlay correlation for vertical churn-~turbulent flow has
the form '

2 a
2 = 1/150 + 1.33 {cg ae/5y) 000 (a4)

Values Ior the profile parameter C3 were zgivenr in the range l.1 =~ 1.6;
a value of 1.2 has teen used in the prasent work.

The Zuber—Fiadlay model is simple to apply and is widely used in
t7o-phase flow analysis. ian equation approximating to eq(as) was
tasted againstc the HITS steam—-water database ia ref.[l0] and was fcund
to periorm reasonadly well.

A5.0 Cunningham=Ysh corrslation [il]

This equation was developed from voidage zeasurements ia a large
electrizally heatad ZWR = type pin bundle. The equation has the same
fora as (AL) but with revised constants, (Ca).

€. = 0.8%6, C

-~

a2 0.23, Cqy = 0.87, C, = 0, CS = Q for Ku, < 1.53

[

¢, =3.757, ¢, = G.24, Cq = 0.47, C, = 0, Cs = C for Xu_, 2 1.533



APPENDIX B

Descrintion of the RELAPS5/Yod2 constitutive models for wall and interphase

31

Eriction for vertical flow

Iaternhase Drag Yodels

The RELAP5/Mod2 flow regime map for vertical flow is divided into
regions of bubbly flow, slug flow and annular mist fiow as shown in
Fig. Al. Transitional zomes are placed between these regimes to ensure
smoothly wvarying funcrions. Below we give the equations used for £ 2
in the bubbly and slug £flow regimes. These equations have been takgn
from a source code listing of RELAPS5/ModZ Cycle 36.00 and differ in
some respects from the equations described in the code wmanual [l]. In
some cases, parameters defined below are constrained to lie within
prescribed ranges in the actual RELAP5 coding. For the sake of
brevity, these ranges are not indicated in all cases below.

(a) Bubble Flow Region

The bubble flow region 1s defined as the reéion bounded by the
void fraction limits:

0 < c:;g < Xs
Where

g = o G < 2000 kg m 2s~1

Gg = @ + 1072 (G-2000) (0.5-a) 2000 < G < 3000 kg m 2s~!

&g = 0.5 G > 3000 kg m 2s™!

and

8
@ = 0.25 Mia (1.0, (D*/22.2) )

The drag coefficient in bubbly flow is defined as £follows:

foi = (0.125 o, agi CD

= 3.6 a:g/d°

26 (1 + 0.1 Rep°'75)/ Re

S’

P
Rey = & dy 7y (1-;)/ny

4
S5clo, &

.
[}
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(%)

(o)

Sluz Flow Rezize

The slug flow regime is defined as the region within void
fraction lioits

Cgg € % € G5y
Where

.2 49,25
gy = Yax .{0.75, 1.4 (og 2e/p, u, 57}

and Eg 1s defined as iz (a) above.

The drag coefficient in slug £flow is calculated from the
aquation:

fgl'(l‘%) fs"i'fs

where

oy = (fz3 - czgs)/(l - :Zs)

S = s %P 8 (g = egg)/(agy = gg) |
va = 0,125 Sy 3313 CDB

E, = 5.1 gy (1= &) x/D,

agm ~ 3.6 agsldo

4y = 3d gy ()’

fu' * & ‘%s/"'ﬁs

= 40 (L + 0.075 ae3°'73)/ae3

ReB = do Py &/(1 - 535)/111

Annular Mist Flow Regime

The lower toundary of the annular zist regioa is defined by
the void fractican limit

&G T %

whera is defined in (b) above. The drag coefiicient ina
annular aist flow is calculated from the equation

(40

Egp = (L= ag) 5+

v
-
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Where

= ™S (1 -107¢ (ap e/ %)

Cx

s = 7.5 % 107 (agug/uc)s
ug = 2.5 (o 4/ 0023

fD = (0.125 pg agm CDD

agm = 3.0 am/dOD

Tm = (2= ap)/(l - ag)

lidgp = 9 (a'')?/(1.50)

' = M (eg - ag) ey

Cop = 40 (1 +0.074 Rey®*73)/Rep
Rep = dop &' op (1= ap) Py
£z = 0.5 Sa Pg fi

N = 6.1192775 e;0"1% (1 - ag/p)
£, = 0.005 + A (&)2

logypd = =-0.56 + 9.07/D*

3 = 1.63 + 4.74/D%

D* = D (gAp/a)5

o = 0.5D% (1 - §1 - ag)

An interpolation zone is defined in the region
(asA - 0.05) < ug < &y

In this zone £ is calculated by Interpolating between the
values for slug flow and annular mist £flow, to ensure a
smooth transition.

Wall Friction lfodels

RELAPS5/Mod2 has a complex method for calculating the wall friction
source terms F  and F,,. The formulation described below has been
taken from the code manual and has not been verified against scurce
code listing. According to the code manual, in all £low regimes, the
source terms are given by the equation (see equations (224) and (225)
of ref.{l]).

>e - - 2
Fak = &' A delil Cw % A % . 5 2
%

[ 2 2
2D fey lg Fp B T S Ay plul}

B3



Wnere % and A ' are friction factors which depend on Feynolds nuzmber
and tube wall roughness. Ak is calculated based on the "aixrure”
Reynolds number

Rey = & wm Dy (“k/akw)/“k

2
4 1s a two-phase amultiplier calculated from the HIFS correlationm,
which is expressed as:

"
< C 1 2

g1 < <

) 2 YZ + X+ 1

2 X+ ;

dere {3 the Marctinelli parametar defiaed as:
2

2 2 . 2 , L. 2
X = 'Pg /31 "(Ag agjg )/(ll 9131)

and
C = =max. {2.0, (~2.0 + £,(G)T,)}
“here

£,(G) = 28 - 0.3G

T, = e [ =(legyy A+ 2.5)%/2s - 6(107Y) |
. - w e 332
e pg/pl (= /_..g)

G = Dg.‘]g + "1.31

&., represents the fraction of the pipe wall perimeter in contact with
phase k. In the bubbly flow regions it is assumed that

=
Q&V @‘

Ia th vz Zlo egions iz & hat:
Iz the slug Zlow regi iz {s assumed that

* l-x

o4 a 2z and Ca, 25

Fatd g8

where @ . 1s defined i{in sectiom Al(b). Ia the aznular-mist flow regime
iz {s assumed that:

0.25

Ty, * Iy and agw = 1_150.25

whera T.p is dafined ia section Al(e).
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Descriotion of the TRAC-PFl/Modl constitutive =models for wall and

interphase friction

Cl.0 Interphase Drag Models

(a)

Bubbly and Slug Flow

Evaluation of the interphase friction coefficient f g is based
on the £flow regime map shown in Fig.Al. Here the upper limit
of the bubbly flow regime is shown at ¢ = 0.25 as coded ia
subroutine FEMOM, not at a= 0.3 as stated in the =zanual. In
poth bubbly and slug £lows the vapour phase is assumed to be
in the form of non-interacting spherical bubbles, and the drag
force Is expressed as the product of a cross—secticnal area
and a drag coefficient. Thus for bubble diameter D, and drag
coefficient Gy

fg1 = _0.75 agplpblnb

The bubbly and slug regimes differ only in the evaluation of
bubble diameter. Two basic diameters are calculated; firstly
a Weber number controlled diameter

Db' bl Webc’

v.2
P2 rd

-

vhere We, = 7.5 and Voy, = max (0.1, Ju '“ll)’ and secondly a
diameter equal to the iocal hydraulic ﬁiame:er, Dy,- Within the
range 0 < ¢ < 0.5 a weighted average of these two values is

taken:=-
Dy = max [((1 - X)Dy' + XD,), 107%a ]
where

G - 2x') &3,

"
]

x'

X"exp [-(G-2000)/700 ]
and
X" = max [0, min(l, 4, = 0.25)) ]

Thus for the region shown as bubbly flow in Fig. 1, Db = Db'

is taken, and within the 'slug flow' regiomn, Dy is

interpolated between Dy' and Dy,which is reached at e, = 0.5. ?
The drag coefficient is of a2 commonly used form developed from
measurements of the terminal velocity of spherical particles

£alling through a stagnant liquid. The equations are:



(d)

c, = 2:0 Rey, <1031

C, = (26/2ey)(L + O.lSReb‘687) 0.1031 < Re, < 989
C, = 0.44 Rey > 989

Where

Rey = Vrppsly/ By

Annular-Mist Tlow

Tor void fractiocns z > 0.75 annular-amisc flow is assumed, with
no coantribution from~bubbly/slug flow. Intar—-facial shear
contributions from droplets and £ilm are evaluated separately.
Firstly the fraction of liguid entraiped as droplets (E) is
calculated from the equationm:

E = omax [l-exp(Vz = V)/T;, 7.75 x 107 we, 1+%53e, 025 ]

where
v, = 2.33{—:.\0:: we," 0-35  uisn wey = 4,
2 4
and
Ve, = thgjgz) ac) 933, Re, = jlplnh)
— I\ % —

Here the critical velocity for encraimment, Y., is equal to
the vapour veloclty aeeded to just levitate audrop whose size
is govermed by Wed, given a drag coefficient (Cd = 0.44)
appropriate to high droplet Reynolds numbers. The droplet drag
{3 calculatad in the same way as zhe tubble drag, viz.

“here We, = 4 and V. = zax (0.1, |u  -u,i), and

g .



where C, is given by the same drag coefficient relations as for
bubbles except that the droplet Reynolds number
(Red - derpg/ug) is used.

The f£ilm shear is calculated using the following equaction for the
interfacial shear stress coefficient

cg = 0.005{1 + 75 (1-E) (l-ag)]

and an approximation to the £ilm area given by:

ays = %_ (1-E) ag<c':E
h

a a4 leg (1-2) c. P

1f  — = N 4 <
Dy 1% 3

and 6= 2.55 x 10-&n is a3 minimum allowed thickness. The total
£ilm shear coefiicient is then fng - aifcf;%/z

and the zotal annular-mist drag coefficient is calculated as
le bl fgm -+ fglf

In the interpolated region 0.5<x,%0.75 the bubbly/slug and
annular-mist coefficients are combined using linear interpolation
using a weighting factor:

F = (4a-2)2(7-8a).

In the transition zone the iaterphase frictlonm coefficient £
calculated based on a bubble size equal to Dh’ and a2 modifie
velocity is used which transitions

4
gia.s
Q

bubble

from vrb = max (0.1, lug-ull) at cg = 0.5
to Voy =233 ¢ Web(r"f’.cg)o'zs/cl for aX.53

c3
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