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IMPLEMENTATION OF A NEW INTERFACIAL MASS AND ENERGY TRANSFER
MODEL IN RETRAN-3D

R. Macian, P. Cebulf, P. Coddington, M. Paulsen1

The RETRAN-3D MOD002.0 best estimate code includes a five-equation flow field model developed to
deal with situations in which thermodynamic non-equilibrium phenomena are important. Several applica-
tions of this model to depressurization and pressurization transients showed serious convergence prob-
lems. An analysis of the causes for the numerical instabilities identified the models for interfacial heat and
mass transfer as the source of the problems. A new interfacial mass and energy transfer model has thus
been developed and implemented in RETRAN-3D. The heat transfer for each phase is equal to the product
of the interfacial area density, a heat transfer coefficient and the temperature difference between the inter-
face at saturation and the bulk temperature of the respective phase. However, in the context of RETRAN-
3D, the vapor remains saturated in a two-phase volume, and no vapor heat transfer is thus calculated. The
values of interfacial area density and heat transfer coefficient are obtained based on correlations appropri-
ate for different flow regimes. A flow regime map, based on the work of Taitel and Dukler, with void fraction
and mixture mass flux as map coordinates, is used to identify the flow regime present in a given vdume.
The new model has performed well when assessed against data from four experimental facilities covering
depressurization, condensation and steady state void distribution. The results also demonstrate the viability
of the approach followed to develop the new model for a five-equation based code.

1 INTRODUCTION

The RETRAN-3D MOD002.0 best estimate code in-
cludes a five-equation flow field model to extend the
code's analytical capabilities to situations in which
thermodynamic non-equilibrium phenomena are im-
portant. This is achieved via a fifth vapor field equation
which models vapor transport and generation, which is
computed based on constitutive models for subcooled
boiling, interfacial heat transfer and system pressure
variation [1].

This model has shown serious numerical problems
that ultimately led to convergence failure when applied
to the simulation of certain nuclear plant transients and
experimental test simulations, in which vapor produc-
tion and condensation were mainly due to pressure
variations (depressurization or pressurization). The
analysis of the causes of the failure identified severe
pressure oscillations because vapor production rates
and energy transfer to the fluid were calculated inde-
pendently in the original interfacial heat and mass
transfer model. This negatively affected the solution of
the pressure field when these two terms did not ex-
actly balance. Based on these observations, a new
model for interfacial mass and heat transfer has been
developed and implemented in the code. This model is
based on the premise that the interfacial heat and
mass transfer process takes place through a two-
phase interface at saturation. Such an approach is
also followed by several advanced six-equation sys-
tem codes such as TRAC-PF1, TRAC-BF1, RELAP-5
and CATHARE.

The implementation of this new model in RETRAN-3D
and its assessment have shown the viability of such an
approach in a five-equation code, despite the con-
straints that the lack of an independent vapor energy
equation may pose to the model.

2 THE RETRAN-3D FIVE-EQUATION MODEL

2.1 Brief description of the original RETRAN-3D
five-equation model

In the RETRAN-3D five-equation flow field model the
basic three equations describing the two-phase mix-
ture mass, momentum and energy conservation, and
the fourth dynamic slip velocity equation, are com-
bined with a fifth vapor field transport equation, [1]

'vap

dt
=-Y.Kap+r,

j
total < (1)

which permits the calculation of vapor generation and
transport independently of the fluid mixture. In order to
solve Eq. (1), the net vapor generation rate, Ttotal must
be known. RETRAN-3D computed the value of Ttotal

for each time step as the sum of three vapor produc-
tion terms, each one modeling a different physical va-
porization (condensation) mechanism, ie, subcooled
boiling, Twair interfacial temperature difference, TAT,
and pressure variation, rAP: Ttotal = Twal, + rAT + rAP.
The code assumes that the vapor is always saturated
in a two-phase volume, while liquid can be subcooled,
saturated or superheated and such a constraint affects
the way the total energy transported into or out of a
control volume can be snared by each phase.

In several applications related to depressurization and
pressurization transients, the original RETRAN-3D
five-equation model showed severe numerical prob-
lems that resulted in convergence failure. An analysis
of the causes concluded that the problem stemmed
from the calculation of the vaporization rates, espe-
cially the term rAP, which was performed independ-
ently from the energy transfer to the fluid. As a result,
large liquid superheats and pressure oscillations led to
code failure.
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A new interfacial mass and energy transfer model has
been developed in order to solve the numerical prob-
lems of the original approach. In this new model, the
vapor generation rates are directly related to the in-
terfacial and wall-to-fluid energy transfers. In addition,
the implicit coupling between vapor generation and
pressure variation of the original model through the
TAP term has been replaced by vaporization
(condensation) driven by the departure of each phase
from saturation in a control volume as a result of varia-
tions in the volume pressure.

2.2 The new interfacial heat and mass transfer
model

The new interfacial mass and energy transfer model
implemented as part of the five-equation model in RE-
TRAN-3D is based on the concept that mass and en-
ergy are interchanged through an interface at satura-
tion. Each phase transfers energy to the interface and
the resultant net energy balance yields the evaporation
or condensation rates. The interfacial energy transfer
rate, Wk, for the control volume for phase k is given by

Wk = (hiaiATlnt)kVol, (2)

with its sign depending on the interfacial temperature
gradient: ATint = Tk - Tsatf which is positive when en-
ergy is transferred to or from the interface. The mass
transfer term, Tk is then calculated by assuming that
the net energy transferred to the interface is expended
in evaporation or condensation, ie

w_
h,

with w=
fg

(3)
k=vap,liq

The total interfacial mass transfer is then Ttotal = Twal!+
TintThe subcooled boiling term due to wall heat trans-
fer is preserved from the old model, whereas the terms
r ^ r and T&P have been replaced by the new model, r
int- rwaii 's only included when Twall > Tsat > Tliq.

The calculation of the interfacial heat transfer coeffi-
cient, h. (W/mPK), and the interfacial area density, a,.
(nf/m3), in Eq. (2) is performed using appropriate cor-
relations obtained from the open literature. A set of
such models constitutes the new interfacial mass and
energy transfer model implemented in RETRAN-3D
with the additional restriction that superheated vapor is
not allowed in a two-phase volume, since there is no
independent vapor energy conservation equation.
Subcooled liquid, however, can be present and corre-
lations for subcooled heat transfer and condensation
are, thus, necessary.

2.3 Flow regime map

The two-phase flow structure determines the area of
the interface and the interchange of energy and mass
between the phases. Since detailed, mechanistic
models to describe turbulent two-phase flow structures
for a wide range of flow regimes are not currently
available, flow regime maps are commonly used in
system codes. They characterize the structure of the

two-phase interface in terms of control volume macro-
scopic flow parameters such as superficial velocities,
void fraction, etc., which serve as map coordinates.
After the flow regime is identified, appropriate models
and correlations can then be applied to calculate the
values for a,- and h,. The new interfacial mass and en-
ergy transfer model implemented in RETRAN-3D also
makes use of this approach under both steady-state
and transient conditions.

The first flow regime maps were developed by follow-
ing an empirical approach. However, this limited their
generality and accuracy [2], since application of maps
generated from experimental data for certain flow con-
ditions to different flow conditions usually required ex-
trapolation based on certain non-dimensional pa-
rameters. The flow regime map currently used by
RETRAN-3D for vertical flow interfacial drag is a sim-
plification of the experimental flow regime map pro-
posed by Bennett et al. [3], which was developed for
small diameter heated tubes at high pressure. Its em-
pirical character makes it difficult to justify extending its
application to conditions very different to those under
which the experiments were carried out, ie to low
pressure conditions or flow in unheated regions.

In an attempt to overcome the shortcomings of empiri-
cally obtained maps, some authors have tried to obtain
transition criteria between flow regimes based on the
analysis and modeling of the physical processes gov-
erning them, thus expanding their range of applicability
to a wider set of flow configurations. Taitel and Dukler
[4] and Mishima and Ishii [5] have followed such an
approach for heated tubes, and produced flow maps
able to accommodate many of the published empirical
flow maps for heated channels such as Bergles' [6]
and Bennett's [3]. The maps obtained from the semi-
theoretical approach developed by Taitel and Dukler
have also been shown to model flow regime transitions
for flows in non-heated tubes [5].

Flow regimes for horizontal flow tend to be more com-
plex than those for vertical flow, because of the
asymmetry induced by the gravitational force. Thus,
the heavier phase, liquid, tends to accumulate at the
bottom of the channel and vapor tends to accumulate
at the top. The flow structure is thus different to that
observed in vertical flows, even for flow patterns with
similar general characteristics, eg bubbly, annular, etc.

Two flow maps, one for vertical and one for horizontal
flow, have been implemented in RETRAN-3D. These
include the basic flow regimes expected to occur in
pre- Critical Heat Flux (CHF) heat transfer and are
based on the work by Taitel et al. [2,4] and Mishima
and Ishii [5] for pre-CHF conditions. The flow regimes
included in the map are bubbly, slug, a transition re-
gion between slug flow and annular mist flow, annular-
mist flow and dispersed droplets. Bubbly flow is char-
acterized by the presence of dispersed vapor bubbles
entrained in a continuous liquid phase. As the flow
void fraction increases, the growth of the bubbles cre-
ate large so-called Taylor bubbles that fill the pipes
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and are surrounded by a thin liquid film wetting the
pipe walls. This then defines the slug flow regime. The
large Taylor bubbles are separated by slugs of liquid,
which contain dispersed smaller bubbles. A transition
region between slug flow and annular-mist flow repre-
sents what some authors define as churn flow. In this
regime, the bubbles have grown so large that they
connect with each other forming large regions of va-
por, interspersed with smaller slugs of liquid, and a liq-
uid film flowing along the pipe wall. The Annular flow
regime appears at higher void fractions, when the va-
por regions coalesce and form a continuous core of
vapor surrounded by an annulus of the liquid phase.
For high vapor mass flow rates, part of the liquid film
may become entrained, and the regime is then called
Annular-Mist. It has been assumed in this case that
droplets and liquid film flow with the same velocity.
This can turn into Dispersed Droplet flow when the liq-
uid film disappears and the liquid phase exists only as
small droplets carried along by the vapor flow. All of
these flow regimes have also been included in the
horizontal flow map, which in addition contains an
horizontally stratified flow model. Fig. 1 displays an
scheme of the structure of the four flow regimes con-
sidered for the vertical and horizontal flow regime map
in RETRAN-3D.
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Fig. 1: Vertical flow regimes

Figures 2 to 4 show the Taitel et al.'s map for vertical
and horizontal flow as implemented in RETRAN-3D.
These flow maps have been converted from the origi-
nal coordinates of vapor and liquid mass fluxes, to the
total mixture mass flux, G (kg/m2 s), and void fraction,
a, coordinates used by RETRAN-3D. The horizontal
flow map contains the same flow regimes as the verti-
cal one, with the transition criteria based only on flow
void fraction. The effect of mass flux is only considered
in the form of a critical velocity for the onset of strati-
fied flow, vcrit, which was obtained by Taitel et al. [4],

from a hydrodynamic stability analysis of waves in
closed pipes. Horizontally stratified flow is merged with
the other flow regimes based on the value of vcrit by
means of cubic spline interpolation, in a manner simi-
lar to that used for the transition regime in vertical flow.

Figures 3 and 4 show the transitions criteria based on
void fraction values that determine the change of flow
regime within a control volume The relationship be-
tween the void fraction criteria and the mixture mass
flux is represented by the vertical flow regime map
displayed in Fig. 2. After the thermal-hydraulic condi-
tions in a control volume have been determined by the
code, the pair (G,a) identifies a definite point in the
map and determines the flow regime present in the
volume. This information is used for the calculation of
the interfacial areas and heat transfer coefficients as
described below.
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Fig. 3: New RETRAN-3D vertical flow map. Void
fraction flow transition criteria. (SI units.)
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Fig. 4: New RETRAN-3D Horizontal Flow Map. Void
Fraction Flow Transition Criteria. (SI units.)

2.4 Interfacial area density models

Once the flow regime in a control volume has been
determined, the interfacial area density, a,-, is com-
puted based on a series of correlations and expres-
sions that take into account the structure of the inter-
face for each of the flow regimes.

Bubbly Flow

In bubbly flow, the main feature is the presence of va-
por bubbles entrained in a liquid flow. The interfacial
area density is then given by the surface area of the
bubbles, which will usually have a distribution of sizes.
An estimate of the area as a function of the flow void
fraction can be obtained based on the most probable
bubble diameter. This in turn can be related to a
maximum bubble diameter which is determined by a
balance of surface tension and inertial forces through
a critical Weber number, We. From this one obtains

ai,Bubbly -
'%,

We a
(4)

where C is equal to 3.6 assuming the Nukiyama-
Tanasawa distribution for the bubble size [7] and We is
assumed to be 10 [8]. The bubble relative velocity, vrel,
is calculated from Ishii's correlation as reported in [9]
instead of using the slip velocity given by the code.
This choice was made because of stability concerns
and because Ishii's correlation represents the actual
bubble rise velocity with respect to the liquid flow.

Slug Flow

The Slug flow regime model assumes the vapor to be
distributed in small bubbles within liquid slugs sepa-
rating large so-called Taylor bubbles which span al-
most the whole diameter of the pipe. Based on this
flow structure, the interfacial area density consists,
therefore, of two terms

*i,Slug :

Volume Length
(5)

The first term in Eq. (5) corresponds to the interfacial
area of the Taylor bubbles. It is calculated based on
the volume fraction of the Taylor bubbles, aTB. The
second term, similar to the one presented for bubbly

flow, yields the interfacial area of the bubbles en-
trained in the slugs of liquid. The volume fraction of
these small bubbles, as/u5, and aTB, are related to the
total void fraction by a = OCTB + a.siug. The value of aSiug
is obtained by exponential interpolation of the void
fraction, as suggested in [8]: aSiug = exP (-8-0 (a-aBS) /
(aSA-aBS)).

Annular-Mist Flow

Annular Film flow is characterized by the presence of a
well defined liquid film flowing along the tube wall, with
a vapor core that may carry entrained liquid droplets.
Therefore, a model for the interfacial area density in
Annular-Mist flow consists of a sum of two terms,
namely one for the liquid film wetting the walls, aJiFllm,
and one for the entrained droplets, aiDrop.

Liquid Film

The interfacial area density for the liquid film can be
expressed from geometrical considerations in terms of
the volume fraction of the film, <%m and the hydraulic
diameter of the pipe, Dhyd, as

*i,Fllm = 4C, V 1 -
D,

(6)
hyd

where Cn is a 'waviness factor' which accounts for the
increased area resulting from the ripples in the liquid
film as it flows along the pipe's wall. In RETRAN-3D
Cn is assumed to be 1.0.

Liquid Droplets

The interfacial area density of the droplets, aiDrop, is
calculated following a similar approach to that in bub-
bly flow, but applied to liquid droplets. The droplet criti-
cal Weber number, We, has been experimentally de-
termined to be different for bubbles and liquid droplets.
In this case We = 13.0, as used for the drag correla-
tions by RETRAN-3D [1]. Similar to the bubbly flow re-
gime, aiDropcan be obtained from

a'i,Drop - 3 -6 CCdrop
Pvap

We a
(7)

with the droplet relative velocity also computed from
Ishii's correlation applied to droplets [9]. The droplet
volume fraction, adrop, is related to the total void frac-
tion and the liquid film volume fraction by oc;ffflm = 1 -a -
adrop- The calculation of interfacial area density in the
Annular-Mist flow regime depend, therefore, on the
fraction of liquid entrained as droplets within the steam
flow.

The entrainment fraction is computed by using
Govan's model [10]. This model was originally pro-
posed to correlate Critical Heat Flux (CHF) experi-
mental results and showed good predictions of the on-
set of CHF, a phenomenon very dependent on the en-
trained liquid mass. Good results have also been re-
ported from studies made with the new RAMONA-5
code, which uses this model in order to calculate the
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source term in the droplet mass conservation equation
due to entrainment. ScandPower has reported accu-
rate mechanistic predictions of the onset of CHF
based on Govan's model [11].

The droplet volume fraction in Eq. (7), adlDPi is related
to the droplet entrainment fraction, E, ie the fraction of
liquid entrained by the vapor flow, by

E=
adrop Of,

a liq

drop

1-or
(8)

Govan's model determines the entrainment fraction by
an iterative procedure involving relationships between
E, the droplet concentration, and the rate of droplet
deposition in the liquid film.

Dispersed Flow

The interfacial area density for the Dispersed flow re-
gime is obtained by using Eq. (7). This regime is simi-
lar to the Annular Mist regime except that the entrain-
ment fraction is 1.0.

Stratified Flow

The interfacial area density for horizontal stratified flow
refers to the horizontal surface of the liquid in the pipe.
It is calculated from purely geometric considerations
by the following relationship, where 8 is an angle de-
scribing the liquid level in the pipe :

ii,stmt
4 sinG

hyd
(9)

Transition Regimes

Interfacial area density values for the transition flow
regime are obtained using a cubic spline interpolation
between the values of interfacial area density corre-
sponding to the adjacent slug and annular mist flow
regimes. They are calculated for the transition void
fractions, aDE and aSA, (see Fig. 2) and used as ex-
treme values of the interpolation interval.

In order to smooth transitions between adjacent flow
regimes, an additional interpolation scheme between
flow regimes whose transition criteria are based on
void fractions, ie all vertical and most horizontal, was
implemented when the flow void fraction falls within a
Aoc (selected as 0.001 in the present implementation)
interval about the generic transition void fraction, a.Tmn,
(see Fig. 2). Interfacial area densities are computed
for void fractions aTran + Ace and aTran - Aa, and these
values are then used as extremes of the interpolation
interval for the actual flow void fraction.

For horizontally stratified flow, the interpolation pa-
rameter that governs the onset of stratified flow is the
critical velocity, vcrit (see Fig. 3), and a similar cubic
interpolation procedure to the one described above is
used.

2.5 Interfacial heat transfer models

In addition to interfacial area, the interfacial heat
transfer coefficient, hh is required to calculate the
amount of energy transferred to the interface. Like in-
terfacial area, this coefficient is a function of the inter-
face geometry and is therefore dependent on the flow
regime. The particular heat transfer correlation chosen
also depends on whether the liquid is superheated or
subcooled. Note that whereas six-equation codes re-
quire separate correlations for superheated and sub-
cooled vapor, these are not necessary in
RETRAN-3D since the vapor component is con-
strained to saturation temperature, and therefore there
is no energy transfer from the vapor to the interface.

Bubbly Flow

The heat transfer coefficient for superheated liquid is
calculated using either the analytically derived equa-
tion of Plesset and Zwick [12] or a modified Lee and
Ryley correlation [13]:

Klin
hl=\-^-\max(NuPZ,NuLR), (10)

where

., 12
NuP7=—i

K Pvap "fg

and

NuLR=2.0+0.74 Reg5.

(Plesset-Zwick) (11)

(Lee-Ryley) (12)

Here db is the same average bubble diameter as the
one used in the correlations for ai, ATsup is equal to
Tiiq-Tsat, and Reb is a Reynolds number based on the
bubble diameter.

For subcooled liquid, the Hancox-Nicoll correlation [14]
is used:

V/g

D,hyd

Ro0.662
Meliq (13)

A value of 0.2 is used for CHN.

Slug Flow

Interfacial heat transfer in slug flow can be divided into
two separate components. The first is heat transferred
between bubbles and the surrounding liquid, and the
second is heat transferred between the large Taylor
bubbles and the thin liquid film around them. Thus, hh

consists of two separate interfacial heat transfer coef-
ficients, hjBubbiy ar )d hi,TB- For superheated liquid, the
Taylor bubble contribution is given by the correlation

V e = 3.0-10 6« r s . (14)

This correlation is intended to give the coefficient a
large value to rapidly drive the liquid temperature back
to saturation. Such an assumption tries to model the
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efficient heat transfer in the superheated turbulent thin
liquid film separating the large bubbles from the pipe
walls and one Taylor bubble from another. The corre-
lation used for the smaller bubbles entrained within the
liquid slugs is the same as that described above for
bubbly flow.

The Taylor bubble contribution for subcooled liquid is
given by the following correlation, which depends on
the liquid Reynolds and Prandtl numbers [8],

hjJB = 1.18942 Re%5
( k ~\

aw. (15)

The contribution from the bubbles is the same as that
for subcooled bubbly flow described above.

Annular-Mist Flow

As in slug flow, interfacial heat transfer in annular mist
flow can be divided into two components. Heat is
transferred from the annular liquid film to the vapor
core and from the entrained droplets to the vapor core,
so hi consists of hjjnm and hj:dropiets- A large number is
used for the superheated liquid film portion to drive the
liquid toward saturation: hiiBlm = 3 x 106. Similarly, a
Nusselt number criterion is used for the droplet contri-
bution with Nu = 1500&.

hdrop,ets= 15000 l - ^ - J . (16)

For the subcooled liquid film portion, one of the sur-
face renewal model options currently in RETRAN-3D
is used. This option follows Banerjee's approach [15],
which uses a surface renewal period, tn to calculate
the interfacial heat transfer coefficient:

h, = 2.0 pm cpm (17)

where K is the thermal diffusivity. Three options for
calculating the surface renewal period are available,
including 1) a constant renewal period specified by the
user, 2) a renewal period based on characteristic
scales for annular flow in a round pipe, and 3) a re-
newal period based on the Hughes correlation.

The entrained droplet contribution is calculated using
the correlation of Theofanous [16]:

hi,droplets ~ 0-02 Pnq
 cp,liq vcirc •

where

'slip •

(18)

(19)

Dispersed Droplet

A constant value of Nu = 15000 is assumed for super-
heated liquid, as described above for annular mist
flow. The Theofanous correlation is used for subcooled
liquid.

Horizontally Stratified

A Dittus-Boelter correlation is used for superheated
liquid in the stratified flow regime, with an additional
term to generate a heat transfer coefficient sufficiently
large to prevent unrealistically high values of liquid su-
perheat [8]:

/ » i = -
Jhyd Pvap hfg j

(20)

For subcooled liquid, the surface renewal model op-
tions are used and are described above for annular
mist flow.

3 EVALUATION OF NEW MODEL WITH EX-
PERIMENTS

An assessment of the new model with experimental
data was carried out against experimental facilities
covering depressurization, condensation and steady
state void distribution. The assessment against the
first two tests (OMEGA and Edwards Pipe) is included
because it was not possible to perform these calcula-
tions with the original Five-Equation model.

3.1 OMEGA depressurization test No. 9

The French OMEGA rod bundle test No. 9 simulated
at a 1/2000 volume scale the blowdown phase of a
PWR large cold leg break [17].

The experimental test loop consisted of a heated sec-
tion connected upstream and downstream to spherical
reservoirs or plena. The plena, together with the pipes
acting as cold and hot legs, simulated the scaled pri-
mary side water volumes. Two fast-closing valves, one
located upstream of the cold leg plenum and the other
downstream of the hot leg plenum, were used to rap-
idly isolate the system during transients. The heated
section, a square channel, received power from a
bundle of directly heated rods with a cosine shaped
power profile and a midplane power peaking factor of
1.34. Two breaks, one in each leg, were simulated by
convergent nozzles attached horizontally at the plena's
midplane. The flow area of the hot leg break was four
times that of the cold leg, and rupture disks were bro-
ken in order to start the transients.

The experiment was initiated from a steady state flow
condition and the fast-closing valves effectively iso-
lated the system as soon as the transient started. The
system then rapidly depressurized as the inventory
was lost through both breaks. At 5.85 seconds the
power to the heater rods was switched off to prevent
them from overheating. Table 1 shows the system's
main parameters for transient No. 9.

A RETRAN-3D computer model of the OMEGA Test
Facility as configured to run test No. 9 was developed
based on the information provided in [17,18] and is
described in detail in [19]. Fig. 5 shows the noding
scheme of the RETRAN-3D model.
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Table 1 : OMEGA test No. 9 main parameters

System Pressure

Heater Power

Heat Flux

Inlet Mass Flow Rate

Temperature Increase

Opening of Breaks at

Closing of Cold Leg Valve at

Closing of Hot Leg Valve at

Switch off Power

13.4 MPa

2.428 MW
61.8W/cm2

11.9 kg/s

35 K

2.75 s

2.75 to 3.05 s

2.75 to 3.25 s

5.85 s

The OMEGA test No. 9 was simulated using the ther-
mal equilibrium, four-flow equation model and with the
new interfacial heat and mass transfer model de-
scribed above. In both cases, the Chexal-Lellouche
drift flux correlation [20] determined the vapor-liquid
relative velocity. The original five-equation model could
not complete the depressurization because of conver-
gence failure. The new model overcame this problem
by computing vaporization rates based on a more
physical approach, which prevented large liquid su-
perheats during the depressurization.

Pressure
Boundary
13.4 MPa

Atmospheric
Pressure

Injection
Hot Leg

Atmospheric
Pressure

Cold Leg
Break

Ventury Nozzle

Cold Leg

Heater
Channel

0.0 m

Fig. 5: OMEGA test No. 9 RETRAN-3D model

The system pressure history in the OMEGA Test was
determined by the loss of inventory through the
breaks, and its vaporization as a result of depressuri-
zation and heating in the heater section. The most im-
portant test parameter, the maximum clad tempera-
ture, was influenced directly by the voiding in the
heater section. Thus, the comparison of the code re-
sults to these two experimental system variables offers
a good indication of the performance of the models
which calculate vaporization rates. The inclusion of the
results of a thermal equilibrium model, with instanta-
neous vaporization, provides a reference to assess the
predictions of the new model.

Figures 6 and 7 show a good prediction of the system
pressure behavior and the heater rod surface tem-
perature by the new model compared to the experi-
mental measure and to the thermal equilibrium simula-
tion (four-equations).
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Fig. 6: OMEGA test No. 9. System pressure (in hot
leg reservoir)
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Fig. 7: OMEGA test No. 9 heater temperature, ther-
mocouple at level 6 (vol. # 20)

3.2 Edwards pipe experiment

The Edwards pipe series of experiments [21] involved
the sudden depressurization of a horizontal pipe con-
taining saturated liquid at high pressure. The tests
were initiated by shattering the glass diaphragm at one
end of the pipe, which provoked a very rapid system
depressurization.

The experiment simulated here is Test 144. In this
test, the blowdown of a 0.206 m diameter pipe was
examined. A series of eight gauge stations was posi-
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tioned along the length of the pipe to allow transient
measurements of pressure, temperature, and density.
For Test 144, the initial pressure and temperature
were 5.5 MPag and 520 K respectively.

The noding diagram for the Edwards pipe simulation is
shown in Fig. 8. Variable-length volumes were used to
position the control volume centers at the same ex-
perimental gauge locations. A valve junction was used
to represent the break at one end of the pipe, and it
was connected to a large control volume at atmos-
pheric pressure, 0.101 MPa.

I * * - - i ' - »• »'~ i •*' i

1 2 3

Atmospheric Pressure

Fig. 8: Edwards pipe computer model

The simulation was performed using both the thermal
equilibrium four-equation and the new five-equation
models. The Chexal-Lellouche dynamic slip correlation
was used in both cases. The problem was ended
when the pipe pressure fell to atmospheric.

The results of the Edwards pipe test, presented in Fig. 9
show that the new interfacial transfer model added to
the five-equation model is able to calculate a very
rapid depressurization transient from high pressure
conditions to atmospheric pressure. Previous attempts
to perform such a calculation using the original five-
equation model failed immediately after the pipe was
opened to the atmosphere. The discrepancies ob-
served with the experimental results are of the same
magnitude as those offered by the four-equation
model and, within reasonable limits, close to the ex-
perimental results (except for the pressure during 0.1
and 0.35 seconds). The nature of the flow within the
Edwards pipe, because of the abrupt depressurization,
is known to be highly turbulent and with an essentially
multidimensional character. Therefore, simulation of
this process with a one-dimensional control volume

6000.0

5000.0
— Five Equations

Four Equations
Experimental

0.0 0.1 0.2 0.3 0.4 0.5

Fig. 9: Edwards pipe problem. Pressure in
volume #2

approach can be expected to yield differences to the
experimental results. Nevertheless, both RETRAN-3D
models were able to follow the experimental trends
observed in the pressure for the duration of the tran-
sient.

3.3 Lim et al. condensation experiments

An assessment of the new model's capability to cal-
culate accurate condensation rates is based on the
simulation of the condensation experiments with hori-
zontal co-current steam/water flow by Lim et al. [22].
As indicated in the introduction, one of the important
areas of application of this new model is the modeling
of condensation in the primary side pipes after LOCA
events. During these scenarios, steam comes in con-
tact with cold water at several locations in the primary
system, eg injection of emergency coolant water in hot
and cold legs.

The experiment was undertaken to measure conden-
sation of steam on a subcooled liquid layer in a simple,
well-defined system. The experimental set-up con-
sisted of a rectangular insulated channel of smooth
steel plates, and with a two-dimensional steam flow.
The liquid flowed along the bottom of the test section
in horizontally stratified co-current flow. The inlet plena
of the test section resulted in uniform flow at the en-
trance of the channel and the measured data indicated
that the water velocity profile was uniform across the
width of the channel. All the experiments were per-
formed with the exit of the test channel opened to the
atmosphere and with the inlet steam pressure 0.3 to
0.4 kPa above ambient pressure.

Unlike the first two assessment cases, in which ther-
mal disequilibrium is not of prime importance, in this
case, system behavior is dominated by disequilibrium
effects. Thus, in order to assess the new five-equation
model in condensation conditions, three experiments
were selected (No. 6,7 and 8 in [22]. For a given liquid
mass flow rate (1.44kg/s) and temperature (298.15 K),
three different steam inlet mass flow rates (0.065,
0.090 and 0.126 kg/s) and temperatures (389, 394 and
398 K) were selected. The steam mass flow rate
measured at 5 locations along the test section was
compared to the results of the new five-equation
model.

It is important to note, as stated in [22], that although
the steam was superheated, this had only a small in-
fluence in the rate of condensation because the latent
heat of vaporization is much larger than the difference
between the steam inlet enthalpy and that at satura-
tion. In fact, it was experimentally observed that the
free-stream steam temperature remained constant in
the test channel. This is important to justify the as-
sessment of the new five-equation model with this se-
ries of experiments, for RETRAN-3D assumes the
steam to be at saturation in a two-phase volume. In-
deed, the sensible heat transferred to the liquid phase
from the superheated vapor in a control volume to
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achieve this is much smaller than the condensation
heat transfer.

The comparison of the code results shown in Fig. 10 is
quite good. Condensation rates are well predicted
along the test section for different vapor mass flow
rates and vapor superheats.

0.2

0.1B

0.16

'0.14

Table 2: FRIGG-4 experimental
mass flow rate)

conditions (MFR:

Exper.
Case 6 :
Case 7:
Case 8 :

0.065
0.090
0.126

W ( : 1.44 kg/s , T l :

Case 5: 0.159
W l : 0.657 Kg/s . Tl

Tg (C) Caicu.

—— m
116.0 s
121.0 s

125.0
25.0 C, P=0.1 MPa

a
129.0

25.0 C, Ps0.26 MPa

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Distance from Inlet (m)

Fig. 10: Lim's et al. condensation experiments. Com-
parison to RETRAN-3D predictions

3.4 FRIGG-4 series of experiments

The FRIGG-4 series of experiments [23] involved
steady-state flow in a 36-rod, electrically heated rod
bundle. Subcooled liquid entered the test section and
the axial and radial void fraction distribution was then
measured in steady state. The axial power profile var-
ied smoothly and symmetrically peaked at the middle,
with a peaking factor of 1.18. The RETRAN-3D Model
consists of a test section with 22 vertical volumes at-
tached to powered heat structures, and ending in a
pressure boundary condition. The results of the simu-
lations were compared to the average void experi-
mental profile to assess the ability of the new five-
equation model to predict steady state void profiles
from subcooled conditions to void fractions close to
one. In this way, the flow inside the test section
spanned the entire flow map and used the corre-
sponding models for each flow regime. All the calcula-
tions used the Chexal-Lellouche dynamic slip option to
compute the interfacial drag.

Four of the FRIGG-4 series of experiments were
simulated with the new five-equation model. Table 2
displays the steady state conditions for the four ex-
periments.

The distribution of void fraction along the vertical test
sections, from subcooled inlet liquid to high void frac-
tion outlet, was considered as an appropriate test for
the vertical flow regime map, the interpolation proce-
dures and the model correlations. The results shown in
Fig. 11 present a smooth increase of the void fraction
along the vertical section. The trends and the void
fraction values are well predicted for the different inlet

Test

1
10
13
19

Pressure
(MPa)
4.88
4.87
4.99
5.03

Inlet Sub.
K

1.50
2.00
22.89
26.11

Power
MW
1.66
5.55
5.55
4.52

MFR
kg/s

10.04
9.64
9.83
9.73

subcoolings, powers and mass flow rates. A slight un-
derprediction is observed in all cases, especially in
tests 13 and 19 with large inlet subcoolings. The un-
derprediction in all cases is more important in the up-
per test section regions, which seems to indicate an
underprediction of the interfacial drag affecting the
steady state void distribution within the test section.
However, in general the results seem to suggest a
good integration and performance of the correlations
and models that constitute the set of constitutive rela-
tionships for the new five-equation model.
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Fig. 11: FRIGG-4 series of experiments. RETRAN-
3D model, inlet conditions and comparison of
results
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4 CONCLUSIONS

The new interfacial heat and mass transfer model cal-
culates the phase change based upon the net heat
transfer to the liquid-vapor interface, which is assumed
to be at saturation. The heat transfer for each phase is
equal to the product of the interfacial area density, a
heat transfer coefficient and the difference between
the interface and the bulk temperature of the liquid
phase. In the proposed model the calculation of the
interfacial area density and heat transfer coefficient is
based on the concept of a "flow map" by means of
which the flow pattern in a computational volume can
be identified as a function of independent variables
such as the volume average void fraction and/or the
liquid and vapor mass fluxes. The details of the flow
map are based on the work of Taitel and Dukler, which
has been demonstrated to have a wide range of appli-
cation in terms of pressure, void fraction, mass flow
rate, etc.

An assessment of the performance of the new interfa-
cial heat and mass transfer model is based on four
analyses: an experimental depressurization transient,
ie the OMEGA test No. 9, a very rapid depressuriza-
tion of a pipe filled with high pressure saturated liquid,
ie Edwards Pipe, a steady state condensation test with
stratified horizontal flow, ie Lim et al.'s experiments,
and a steady state vertical void distribution test, ie
FRIGG-4 test series.

The original interfacial heat and mass transfer model
was not able to complete the simulation of either de-
pressurization transient due to the instabilities intro-
duced into the pressure field by an excessive liquid
superheat. The new model, however, could carry out
both simulations without numerical problems, thus
demonstrating the validity of the approach adopted for
its development. The results also showed a good
comparison to experimental data and to values ob-
tained with the standard RETRAN-3D four-equation
model. In the case of the Edward's Pipe, the pressure
prediction was better than that of the thermal-
equilibrium four-equation model due to the inclusion of
disequilibrium, which has some effect in this case.

The comparison of the new five-equation model results
for condensation showed good agreement, as did the
prediction of the void profiles of the FRIGG-4 series of
tests. These assessments helped to confirm the per-
formance of the models and correlations of the new
five-equation model and the transitions between the
flow regimes for vertical and horizontal flow. The tran-
sitions in horizontal flow, relevant for the Edwards pipe
simulation, seem to model correctly the transient be-
havior from pure liquid to almost single phase vapor,
whereas the models for horizontally stratified flow re-
gime were tested in the condensation simulations.

In summary, the new model has been tested against a
variety of situations directly related to its intended ap-
plication in safety analysis for nuclear systems, both in
steady-state and transient conditions. The model

shows good performance and enabled the completion
the calculations successfully. These results demon-
strate also the viability of adopting the interface-at-
saturation approach for interfacial mass and heat
transfer in a five-equation based code, in which the
vapor field must remain saturated in the presence of
liquid. This now provides a sound basis for further im-
provement, assessment and application of the model.
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