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ABSTRACT

This paper discusses the constitutive model development needs for our current and
future generation of reactor safety thermal-hydraulic analysis codes. Rather than
provide a simple 'shopping list' of models to be improved, a detailed description is
given of how a constitutive model works Wthin the computational framework of a
current reactor safety code employing the two-fluid model of two-phase flow. The intent
is to promote a better understanding of both the types of experiments and the
instrumentation needs that will be required in the USNRC's code improvement program.

First, a summary is given of the modeling cosiderations that need to be taken into account
when developing constitutive models for use in reactor safety thermal-hydraulic codes.
Specifically, the two-phase flow model should be applicable to a control volume
formulation employing computational volumes with dimensions on the order of meters
but containing embedded structure with a dimension on the order of a centimeter. The
closure relations are then required to be suitable when averaged over such large
volumes containing millions or even tens of millions of discrete fluid particles
(bubbles/drops). This implies a space and time averaging procedure that neglects the
intermittency observed in slug and chum turbulent two-phase flows. Furthermore, the
geometries encountered in reactor systems are complex, the constitutive relations
should therefore be component specific (e.g., interfacial shear in a tube does not
represent that in a rod bundle nor in the downcomer). When practicable, future
modeling efforts should be directed towards resolving the spatial evolution of two-phase
flow patterns through the introduction of interfacial area transport equations and by
modeling the individual physical processes responsible for the creation or destruction of
interfacial area.

Then the example of the implementation and assessment of a subcooled boiling model in a
two-fluid code is given. The primary parameter of interest, the void fraction, is shown
to be the result of the interaction between three separate constitutive models:
interfacial friction, interfacial heat transfer, and wall nucleation models. The wall
nucleation model, which gives the value for the net vapor generation rate in a "near
wall" region is an artifact of the chosen numerical treatment and its development
depends on the model chosen for the bulk interfacial condensation model. The potential
for compensating errors in the interaction of these three models is discussed and the
need stated to "get the right answer for the right reasons". The subcooled boiling
experiments conducted at McMasters University are then used as an example of how one
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can independently assess such interacting models and a number of deficiencies in the
RELAP5 model for subcooled boiling are identified for low pressure applications. A
strong case is also made for taking code assessment to a more fundamental level where
the underpinnings of the constitutive models are themselves assessed (e.g., the bubble
diameter used in an interfacial heat transfer model).

Finally, a summary of modeling needs for passive reactor designs is given based on the
experience garnered during the USNRC's program to evaluate the applicability of the
RELAP5 code for SBLOCA analysis of the proposed AP600 design. Specific modeling
challenges identified for our current generation of thermal-hydraulic codes include:

• Thermal Front Tracking

• Mixture Level Tracking

• Thermal Stratification Mixing

• Cold Leg Thermal Stratification

• Critical Flow

• Phase Separation & Entrainment at Tees

• Low Pressure Boiling

• Low Pressure Void Fraction

The above list contains items in which both the numerical representation of a phenomena
and the associated physical models need improvement. A systematic long-term effort to
upgrade the models and correlations will be undertaken by the USNRC. Priorities for
model upgrades will be established and a quantitative review of the applicability of the
models/correlations in the current codes conducted. For high ranked phenomena, if the
accuracy of the present model is found to be insufficient, either a new model will be
developed from the existing data base or separate effects tests will be conducted to
generate the needed data base as necessary. In this approach, there are two features that
have not generally been present in the past: 1 the needed models will be developed
within the framework of a two-fluid code, and 2 the associated data base will become
part of the code documentation and electronic archive such that it will be readily
available for assessing future model upgrades.

The objective of this paper is then to provide a detailed example of how a constitutive
model works within the two-fluid framework so as to promote a better understanding of
both the types of experiments and the instrumentation needs that will be required in the
USNRC's code improvement program.
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INTRODUCTION

This paper discusses the constitutive model development needs for our current and
future generation of reactor safety thermal-hydraulic analysis codes. Rather than
provide a simple "shopping list" of models to be improved, a detailed description is
given of how a constitutive model works within the computational framework of a
current reactor safety code employing the two-fluid model of two-phase flow. The intent
is to promote a better understanding of both the t�es of experiments and the
instrumentation needs that will be required in the USNRC's code improvement program.

Thermal-hydraulics has been a major area of nuclear safety research since regulatory
research began at the USNRC. Traditionally, thermal-hydraulic research has had two
principal aspects: developing system-level computer codes and conducting both large-
and small-scale experiments. The staff's use of NRC-developed thermal-hydraulic
analysis codes has been an integral part of the licensing process, and these codes have
provided the USNRC with the ability to perform independent analyses to audit those of
vendors and licensees. As such, these system-level computer codes represent the end
product of the USNRC's regulatory research program in the area of thermal-hydraulics.

To ensure that the agency's analysis tools retain the state-of-the-art and to maintain a
core competency in the area of thermal-hydraulics, the USNRC is embarking on a long-
term thermal-hydraulic research program. The objectives of this program are to:

• produce a single state-of-the-art plant transient code capable of replacing
our current suite of codes (TRAC-P, TRAC-B, RELAP5, and Ramona), and

• conduct experimental programs to obtain the fundamental data necessary to
support the development of advanced thermal-hydraulic models.

A key element of this program is then to improve the simulation fidelity of the future
plant transient code, and this will require improvements in both the degree of
sophistication in the representation of two-phase flow and in the constitutive models.
For example, a significant advancement could be the replacement of static flow regime
maps with a dynamic flow regime model. Here, the traditional flow regime map (used to
determine the character of the two-phase interface and select the appropriate set of
interaction terms) would be replaced by the introduction of interfacial area transport
equations whose source/sink terms represent the processes that govern the creation or
destruction of interfacial area (e.g., bubble coalescence or breakup). Thus, the
empiricism inherent in the modeling of two-phase flow would be moved to a more
fundamental level. This technology is not yet fully developed and should be considered as
exploratory research, especially for two-phase flow in complex geometries such as
reactor coolant systems. However, the instrumentation has now matured to the point
that an experimental program, coordinated with an effort to improve the computational
model could significantly enhance our predictive capability.

Even ith a more fundamentally based model for two-phase flow, as described above, a
systems thermal-hydraulic analysis code ill retain a set of models and correlation that
includes many tens of empirical relations. At present, the models and correlations in
these four codes are inconsistent (i.e., different models are employed for the same
phenomena in different codes), they often employ ad hoc formulations or undocumented
smoothing functions, and do not reflect the totality of the knowledge embedded in the
existing experimental data base. Together with improving the representation of two-
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phase flow, some of the greatest gains can be realized through a comprehensive
upgrading of the models and correlations.

Consequently, a systematic long-term effort to upgrade the models and correlations will
be undertaken. Priorities for model upgrades will be established through the use of
PIRTs (Phenomena Identification and Ranking Tables) for each reactor plant type
(PWRs, BWRs, ALWRs) and transient scenario of interest. For each of the phenomena
judged to be of high importance, an electronic data base that contains the supporting
empirical evidence will be established and a quantitative review of the applicability of
the models/correlations in the current codes conducted. For these high ranked
phenomena, if the accuracy of the present model is found to be insufficient, either a new
model will be developed from the existing data base or separate effects tests will be
conducted to generate the needed data base as necessary. In this approach, there are two
features that have not generally been present in the past: (1) the needed models will be
developed within the framework of a two-fluid code, and 2 the associated data base
vAll become part of the code documentation and electronic archive such that it VAI be
readily available for assessing future model upgrades.

The objective of this paper is then to provide a detailed example of how a constitutive
model works within the two-fluid framework so as to promote a better understanding of
both the types of experiments and the instrumentation needs that will be required in the
USNRC's code improvement program. The next section, entitled 'Modeling
Considerations', gives an overview of how a reactor system is represented
computationailly and how this impacts constitutive model development. The two
following sections, "Subcooled Boiling Model Description" and "Subcooled Boiling Model
Assessment', provide a detailed description of how several constitutive models interact
in the calculation of one phenomena and how these models can be individually assessed to
reduce the potential for compensating errors. A strong case is also made for taking code
assessment to a more fundamental level where the underpinnings of the constitutive
models are themselves assessed (e.g., the bubble diameter used in an interfacial heat
transfer model). The final section, 'Modeling Needs for Passive Reactor Designs", gives
a summary of modeling needs identified during the USNRC's program to evaluate the
applicability of the RELAP5 code for SBLOCA analysis of the proposed AP600 design.

MODELING CONSIDERATIONS

Before embarking on a discussion of the modeling needs for reactor safety thermal-
hydraulic computer codes, it is important to briefly review the system we are modeling
and how such a system is represented in a computational framework, Figure gives a
diagram of the nooding used by the RELAP5 code for an SBLOCA analysis of the proposed
Westinghouse AP600 design. There are approximately 200 computational volumes
vAthin the vessel and 480 computational volumes in the loops and the passive safety
systems. Given the physical size of the system - the reactor vessel alone has a height of
about 12 meters and a diameter of about 4 meters - this noding would appear to be very
coarse. That is precisely the point. Moreover, although some improvement of resolution
may be warranted, future noding schemes will not be significantly' more complex than
that illustrated in Figure 

One might expect a ten-fold increase in computational volumes, but nowhere near the
1 O' to IO' increase necessary to bring the discretization level to that of CFD
applications.
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Consequently, contrary to the practice in the field of computational fluid dynamics
(CFD - and this is crucial to the discussion to follow - we will not be solving finite
difference approximations to the governing partial differential equations for points
within a flow field. Instead, the governing equations will be integrated over large
computational volumes ith dimensions on the order of a meter) to reproduce the
macroscopic flow behavior. In such a control volume approach, the local gradients
that control the transport processes - for example, the fluid velocity and temperature
profiles at the wall - are not solved for directly, but rather, their effects are modeled
through the use of empirical correlations based on bulk flow properties.

Also, with very few exceptions, the flows of interest do not occur in open flow fields.
For example, a PWR reactor core region has a diameter of about 3 meters and contains
roughly 40,000 fuel rods. The characteristic dimension (hydraulic diameter) is then
about one centimeter and the "porosity" in the axial direction is on the order of 50% and
the porosity in the transverse direction is only on the order of 30%. Thus, the
important processes are usually dominated by the interaction between the fluid and this
embedded structure.

Figure 2 gives a schematic of a PWR reactor vessel with a greatly simplified
representation of the actual components contained therein. For such complex
geometries, the constitutive relations should be component specific (e.g., interfacial
shear in a tube does not represent that in a rod bundle nor in the downcomer). Consider-,
for example, the effect of component geometry on the extent of two-phase flow
structures, in a rod bundle, classical slug flow does not exist. The bubble 12

agglomerations are not limited by the characteristic dimension of a subchanne but
extend to encompass several subchannels - indeed, in small scale experiments, it is
often the size of the flow housing containing the rod bundle that controls the effective
diameter of the "slugs". No theory is presently available to describe these structures,
even if one ignores the effect of grid spacers (located about every 50 UDs), and a high
degree of empiricism is therefore necessary.

When considering modeling approaches for two-phase flows in such equipment, it is
useful to have ready estimates of both the characteristic dimensions of the two-phase
structures and their numbers. For bubbly flow, at low to moderate mass fluxes, the
Sauter mean diameter" of a bubble is in the range of 3 to millimeters and corresponds
to a bubble number density of almost I 7 (M-3 ). So, for a typical TRAC or RELAP5
noding scheme, the number of bubbles in one control volume would be on the order of

5 75 10 to lo . For dispersed droplet flow, typical of conditions during reflood, the
numbers are similar, with droplet diameters of about a millimeter, droplet number
densities of IO 7 to 108 , and the number of drops contained in one control volume would
be on the order of x 1 0S to 108 . The closure relations are then required to be suitable
when averaged over such large volumes and containing millions or even tens of millions
of discrete fluid particles (bubbles/drops). This implies a space and time averaging
procedure that neglects the intermittency observed in slug and chum turbulent two-
phase flows.

A subchannel, for a square array rod bundle, is the unit cell whose cross-section is
delineated by a square connecting the centers of four rods.
The Sauter mean diameter for a population is the diameter that has the same ratio of
volume to surface area as does the population in aggregate.
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FIGURE 2 Schematic representation of typical PWR vessel.
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Another limitation of many of the current constitutive models employed in reactor safety
thermal-hydraulic codes is the assumption of fully developed flow. As was noted above
for the core region, grid spacers are located about every 50 UN in the axial direction.
Consequently, for control volumes that employ an axial discretization on this order it is
common practice to use between six and eight axial levels to represent a heated length of
about 4 meters), flow in the core is always developing and this should be accounted for
in the constitutive models. Similary, for most of the piping networks of the primary
system, the large pipe diameters preclude fully developed flow. For example, in the
proposed AP600 design, there is a vertical off-take from the hot legs located only a few
UN from the upper plenum, the phase separation/entrainment occuring at this tee is
then a function of the extent to which the flow pattern has developed. For such
situations, when possible, future modeling efforts should be directed towards resolving
the spatial evolution of two-phase flow patterns through the introduction of interfacial
area transport equations and by modeling the individual physical processes responsible
for the creation or destruction of interfacial area. The goal of such an approach is to take
the necessary empiricism to the lowest level practicable, thereby increasing the
extenclability of the modeling approach.

In summary, the two-phase flow model should be applicable to a control volume
formulation employing computational volumes with dimensions on the order of meters
but containing embedded structure with a dimension on the order of a centimeter. The
closure relations are required to be suitable when averaged over such large volumes and
containing millions or even tens of millions of discrete fluid particles (bubbles/drops).
This implies a space and time averaging procedure that neglects the intermittency
observed in slug and chum turbulent two-phase flows. Furthermore, the geometries
encountered in reactor systems are complex, constitutive relations should be component
specific (e.g., interfacial shear in a tube does not represent that in a rod bundle nor in
the downcomer). Finally, when practicable, future modeling efforts should be directed
towards resolving the spatial evolution of two-phase flow patterns through the
introduction of interfacial area transport equations and by modeling the individual
physical processes responsible for the creation or destruction of interfacial area.

SUBCOOLED BOILING MODEL DESCREPTION

To better illustrate the modeling considerations mentioned above, the particular case of
subcooled boiling in a rod bundle will be examined in detail. For most reactor plant
transient calculations, the main parameters of interest affected by subcooled boiling are
the core void fraction (important for gravity driving heads and reactor kinetics) and the
resulting enhancement of the pressure drop (due to both acceleration and frictional
losses). Of course, for transients at power, the margin to the point of departure from
nucleate boiling is the crucial factor, however, that is a different matter and will not be
discussed here. Thus, the primary quantity that the code must calculate during subcooled

4boiling is the volume averaged vapor fraction where the volume averaging is over the
relevant computational volume. This section discusses the interplay amongst the various
constitutive models that results in the computed value of the void fraction-'

4 Of course, for a system T/H code, the volume averaged vapor fraction is also a time
averaged quantity.

5 When speaking of the void fraction with respect to a computer code, it will be
understood that the quantity is the volume averaged value of the vapor fraction
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First, the computational result for the void fraction during subcooled boiling is not only
a function of the relevant constitutive models but also of their numerical
implementation. Whereas in experiments the void fraction is usually thought of as the
cross-sectional area averaged value, the computational value is a volume averaged
quantity. Thus, in the context of the numerical model, axial averaging is also performed
in order to compute the void fraction. This is often overlooked during the
implementation of constitutive models into a code, as developers generally assume that
constitutive models are functions only of local fluid conditions, that is, the value for a
given computational volume can be computed from its bulk fluid conditions as if they
were cross-sectional area averaged instead of volume averaged quantities. In other
words, the effect of gradients in the axial direction is ignored. Consequently, significant
errors and noding size dependencies can be introduced when the axial gradients are
significant. This is especially pronounced at the single-phase to two-phase transition in
a system thermal-hydraulic code employing control volumes with an axial node size on
the order of half a meter.

Though this difficulty is more in the province of the code developer than it is a concern
for an experimentalist - the essential problem is applying an Eulerian formulation to
something that is intrinsically Lagrangian in naturer -it should be acknowledged. One
primary reason for this is in setting model improvement priorities. For example, in
the USNRC's program for adequacy assessment of the RELAP5 code for performing
confirmatory analyses of the AP600 passive reactor design, the performance of the
subcooled boiling model at low pressure conditions was identified as one of the problem
areas. However, it is unclear as to how much of the problem is due to a deficiency in the
constitutive model itself or due to the numerical implementation of the model. Future
model development activities that are targeted to code improvement need to be more
closley integrated with the numerical modeling. The remainder of this section discusses
the constitutive models that affect the computation of the void fraction during subcooled
boiling.

In the traditional two-fluid formulation used by codes such as RELAPS and TRAC, the
computed value of the void fraction during subcooled boiling is primarily determined by
the interaction between three different constitutive models:

• Interfacial Heat Transfer: the interphase heat transfer, based on volume
averaged fluid conditions, that results in mass transfer (condensation).

• Wall Nucleation: the fraction of the wall heat flux that results in a net vapor
generation rate for the 'near wall" region.

• Interfacial Friction: the interphase momentum transfer that counter-
balances the buoyancy force to yield the relative velocity.

The role each of these three constitutive models plays in determining the void fraction is
examined in turn below.

6Applying a Lagrangian numerical scheme to a one-dimensional representation of the
flow field is relatively straightforward, but a generally applicable fully three-
dimensional Lagrangian computational model is still a research topic.
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For a pure liquid-vapor system, i.e. no noncondensible gases present, the vapor
generation rate per unit volume is given by:

(h,-A" .(T,,-T.,) (h,.-A-)-(T,.,-T.)
PIWr

where,

vapor generation rate per unit volume (kg/m')

hif - liquid-to-interface heat transfer coefficient (W/M2_ C)

hig - vapor-to-interface heat transfer coefficient (W/m'- C

A' - interfacial area per unit volume (1 /m)i

Tliq T, - volume averaged phase temperature (K)

T., - saturation temperature at bulk vapor pressure (K)

h' - enthalpy change (latent sensible) defined as:fg

h'f - (hopat h,) r>0 h 2)
(h,.P-h,,..,) r<O

with,

hliq & h, volumeaveragedphasicenthalpy (J/kg)

h qnt & h .at saturation enthalpy at bulk pressure

For the conditions prevailing during subcooled nucleate boiling, the vaopr-to-interface
heat transfer component is negligible compared to that of the liquid-to-interface, thus:

(hif .A, - TIq 1�1 3)

h -,.

From equation 3, it is readily apparent that, for the case of subcooled liquid, the only
mass transfer that occurs due to interfacial heat transfer is condensation. To allow for
the possibility of vapor generation while the bulk liquid is subcooled a "subcooled
boiling" model is added to the two-fluid model. As described below, these models are a
subset of the processes occuring in subcooled boiling and would be more appropriately
termed a "near wall net vapor generation" model.
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To extend the two-fluid formulation to the case of subcooled nucleate boiling, a vapor
source term accounting for nucleation at a heated surface is added:

1"' = I" 
NEr (4)

where,

1,to
h' 5)f9

and the numerator is the heat input per unit volume from the wall to the bulk fluid and
the denominator is the enthalpy difference associated with a phase change as defined in
equation 2. The factor, f, is the fraction of the wall heat flux that results in a net
vapor generation rate for the 'near wall" region.

Figure 3 depicts this near wall region and its interaction with the bulk fluid.

NEAR WALL REGION __"1

SUBCOOLED WATER ET APOR FLOW

BULK CONDENSATION wall

NUCLEATE BOILING
UBCOOLED WATE

COMPUTATIONAL VOLUME

FIGURE 3 Illustration of idealized 'near wall" region.

It should be realized, however, that in a thermal-hydraulic system analysis code, the
actual computational volwme only considers the bulk fluid conditions. No numerical
modeling of the near wall region is performed, instead the concept of a near wall region
is only used as part of a constitutive model to specify a vapor source term for equation

4.

This concept often leads to confusion because the idealizations of the physical processes
used in the numerical representation and in the physical model do not necessarily match.
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For example, using local fluid conditions and the wall heat flux, one can develop an
empirical model for the net vapor generation rate:

= fn[ q , G, AT.,, fluid properties.. 6)
(r'N,T P %10

However, for numerical reasons, the numerical modeler chooses to write the net vapor
generation rate (see eqs. 4 and #5) as the sum of two terms: a bulk condensation rate
induced by interfacial heat transfer and a vapor source due to wall nucleation. Assuming
that the subcooled liquid interfacial heat transfer model is correct, the constitutive
model needed by the code is an expression for the traction of the wall heat flux that
causes net vapor generation at the wall, Using equations 4 throug #, one
obtains:

J(r- 
NEr , . (q A (7)

and substituting in equation 3, yields:

(8)
(q'

The often obscured but startling conclusion from equation #8 is that the constitutive
relation needed for the wall nucleation model, fr cannot be developed in isolation from
experimental data alone. Instead, the wall nucleation model must be developed in concert
with the subcooled liquid interfacial heat transfer model, (h if A'ff ), used in the code. An
example of how one can accomplish this, minimizing the pitfalls associated with
compensating errors, is given below in the 'Subcooled Boiling Model Assessment'
section.

The development up to this point, the interfacial heat transfer and the wall nucleation
models, enables the computation of the net vapor generation rate for a given
computational volume based on the bulk averaged fluid conditions within that volume.
Together with the solution of the mass conservation equations this provides the local
value of the vapor and liquid flow rates. To then compute the void fraction requires a
consideration of the two-fluid momentum equations. For illustration purposes, the
following assumptions will be made in the following discussion:

• the temporal derivative is negligible (steady state)

• the axial gradient of the momentum flux is negligible

• wall friction is applied to the continuous (i.e., the liquid) phase

With these simplifications, the axial pressure drop term can be eliminated from the
two-fluid momentum equations with the result:

F�: = a-(1-a)-(p,,-p,)-g + a-F,: 9)
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where,

F' the interfacial force per unit volumeMt

F: the force per unit volume due to wall friction

The interfacial force has two components: one due to form drag (or shear) between the
two phases, and a second related to the momentum transfer associated with phase change.
The latter would be negligible for the conditions of interest here. Similarly, for low
mass flux cases, the wall drag is also negligible relative to the interfacial and
gravitational terms, though this is not true as a general rule.

The point of equation 9 is that for given phasic flow rates, the void fraction in two-
phase flow is primarily a function of the interfacial shear. Consequently, when one
compares predicted to measured void fractions in subcooled boiling, observed
discrepancies between these values is the result of three (at least) separate constitutive
models. From which, when modeling improvements are warranted, one is left to
determine if the problem is due to:

• the interfacial heat transfer model,

• the wall nucleation model (normally referred to as the subcoolled boiling
model), or

• the interfacial friction correlation.

The following section describes a well designed series of experiments through which one
can begin to isolate the effects of these three competing mechanisrns.

SUBCOOLED BOELING MODEL ASSESSM[ENT

In general, there are three types of what is known as 'developmental assessment'
performed for reactor safety thermal-hydraulic computer codes:

• 'Thought Problems" - very simple tests for proper model functionality, e.g.
comparing to an analytical solution (air/water manometer), or testing for
symmetry in the flow field solution(identical parallel channels).

• "Separate Effects Tests" - an attempt to quantify the accuracy of an
individual constitutive model through comparisons to experimental data for
prototypic geometry (usually of a single component) with simple well defined
boundary conditions.

• 'Integral Effects Tests' - qualitative and quantitative assessment of the
code's simulation capability for scaled integral test facilities or for plant
transient data (if available).

Thought problems are essential in the code development and maintenance process in the
role of unit tests to guarantee that models work as expected. Integral effects tests are
crucial to ensuring that when all the code's models are working together that complicated
accident scenarios can be replicated with reasonable confidence levels. It is left to
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separate effects testing - for example, the prediction of the axial void fraction profile in
a rod bundle under conditions of importance for a particular transient - to establish the
accuracy of individual models and provide assurance that one 'gets the right answer for
the right reason" and not because of compensating errors.

Traditionally, the bulk of code assessment is separate effects testing. However, as will
be demonstrated in the example below, this is not always sufficient. In addition to better
focused separate effects tests, where the assessment is targeted towards one dominant
code model for the phenomenon of interest, a more fundamental level of assessment needs
to be undertaken. At the more fundamental level, the building blocks" used in the
constitutive models would be assessed, e.g., the bubble diameter used to calculate the
interfacial area concentration that is part of the subcooled liquid interfacial heat
transfer model. An example of traditional 'separate effects assessment" is given below,
followed by an example of the more fundamental type assessment that needs to become the
rule for future model development and assessment for reactor safety thermal-hydraulic
codes.

Separate Effects Assessment Example

This section will discuss a sefies of low pressure subcooled boiling experiments
performed at McMaster's University (Chatoorgoon et al, 1992, and Shoukri, 1994).
The objective of these tests was to obtain detailed measurements of void generation and
collapse, including void profiles of bubble size and condensation rates during low
pressure subcooled boiling. A unique feature of the test section was that it was made in
two parts: a heated section followed by an unheated section. Measurements were taken n
both areas. In the heated section, the void results from the net effect of generation and
condensation, whereas, in the subsequent downstream section, condensation can be
studied as a separate effect.

The test section is a vertical concentric annulus with diameters of 27 mm and 2 5.4
mm. Heat was generated in the central rod by direct heating with a uniform axial power
profile. The external tube was constructed of plexiglass to allow the use of high speed
photography to determine bubble size and velocity information. Chordal average void
fractions were determined by a traveling gamma densitometer. The heated section had a
length of 30.6 cm, followed by the unheated section with an overall length of 0 cm of
which measurements were made in only the first 1 1. 8 cm. Figures 4 and present a
sampling of the measured axial void fraction profiles in both the boiling and condensing
regions along with typical predictions of a two-fluid code.

In Figure 4 the experimental data show the long flat wall void region, (a - 5% ), that
is typical of subcooled boiling. This region is longer than that observed at high
pressure, as reported by Rogers et al (1 987). The point at which the void profile
changes to a significant slope is usually regarded as the onset of significant vapor
generation. Comparing this to the calculated behavior, a typical two-fluid code
employing the Saha-Zuber model (1 974) for the point of net vapor generation and a fine
axial discretization (Az = 3 cm. ), one observes that the implementation of this model in
the code does not capture the flat wall void region and also significantly under-predicts
the peak value of the void fraction. For now, the focus will be placed on the axial void
fraction profile after the point of the onset of significant vapor generation and the wall
void region, though non-negligible, will not be considered here.
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FIGURE 4 Comparison of predicted and measured void fraction axial profiles
for McMaster's University Test #1.

As before, the analyst is faced with three possible modeling deficiencies that could be the
cause of the under-prediction evident in Figure 4 above. By itself, this set of data is
insufficient to isolate the root cause. For example, at the end of the heated section, the
predicted void fraction is only 13% versus a measured value of 32%. However, one has
no information by which to judge whether the vapor flow rate at the end of the heated
section is well-predicted or not. Perhaps the predicted value of the vapor flow rate is
correct but the interfacial shear model in the code allows too much slip and hence under-
predicts the void fraction. Conversely, one could suppose that the interfacial shear
model was correct and that the vapor flow rate was under-predicted which would
indicate that either the wall nucleation model under-predicts the near wall net vapor
generation rate or that the interfacial heat transfer model over-predicts the bulk
condensation. Clearly, for this situation, the potential for compensating errors abounds.

Looking at another case, Figure 5, one notes that the code does an excellent job of
predicting the peak void fraction. Supposing that the interfacial friction model contained
no significant sources of error, what then could be learned from Figure ? Because the
peak void fraction is well predicted, one could conclude that the vapor flow rate at the
exit of the heated section was also well predicted. Then, looking at the condensing
section, one could further conclude that the interfacial heat transfer model under-
predicts the bulk condensation rate. If this is true, then one would conclude that, despite
the excellent agreement for the peak void fraction, in the heated section the wall
nucleation model must also under-predict the amount of vapor generation in order to
compensate for the reduced bulk condensation.

Even with a code comparison as good as that depicted in Figure 5, one is left with some
discrepancies and the potential for compensating errors. Furthermore, the test
conditions of Figures 4 and are not vastly different. So why the poor prediction in one
case and the good prediction in the other? To understand these results, give guidance for
model improvement, and provide some level of confidence in the extendability of the
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model to other conditions, a much more fundamental look at the phenomena is needed, one
that allows the underpinnings of the code models to be assessed. An example of how this
might be accomplished using data such as that of Shoukri et al ( 994) is given below.

0 .35 - - - - ! . . . . , I . . .. I . .... .....= :021111 4;)
0.3 -0 ... . ... 4I&I .... Olfw- -� .............. 1............. a Dat

q- S.NxI04 (WArj Co

0.25 -dT .. ... 1*4 ... fQF+ ..... ..... i........... ... .............. .............. ...........

0 .2 ..... . ... .. . ............ ... . . .... .......... ....... .... ......... ...... . ...

LL 0 .15 ............ .............. .......... ........ ...... ...........

0 .1 .... . ..... .. ............ .............. ...... . .
0

0.05 ........ . .. .......... .... ...... ...

0 . ....... ......... .. .........
Heated Section unhe*d Sed*

-0.05 .... .... I I... I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Axial Position (m)

FIGURE 5: Comparison of predicted and measured void fraction axial profiles
for McMaster's University Test 2.

Even with a code comparison as good as that depicted in Figure 5, one is left with some
discrepancies and the potential for compensating errors. Furthermore, the test
conditions of Figures 4 and are not vastly different. So why the poor prediction in one
case and the good prediction in the other? To understand these results, give guidance for
model improvement, and provide some level of confidence in the extendability of the
model to other conditions, a much more fundamental look at the phenomena is needed, one
that allows the underpinnings of the code models to be assessed. An example of how this
might be accomplished using data such as that of Shoukri et al ( 994) is given below.

Fundamental Model Assessment - Interfacial Friction

Above, in the description of the subcooled boiling model, it was pointed out that the
predicted value of the void fraction primarily results from the interaction of three
separate constitutive models: interfacial friction, interfacial heat transfer, and wall
nucleation. In the following sections, the McMasters University low pressure subcooled
boiling tests will be used as an example of how each of these individual models can be
separately assessed and compensating errors uncovered.

First, let's concentrate on interfacial friction. If the phasic flow rates were known,
then the interfacial shear model could be directly assessed via equation 9. There are
(at least) three potential ways for making this assessment:
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• Saturated Boiling Tests - in saturated boiling, a straightforward energy
balance yields the local quality and hence vapor flow rate. Then, for these
conditions and the given test section geometry, the interfacial drag model can
be assessed. However, one would expect the radial distribution of vapor, and
hence the interfacial shear, to be somewhat different for subcooled boiling as
compared to saturated boiling with the same phasic flow rates. Note, most
current codes make no distinction between subcooled and saturated bulk fluid
conditions when evaluating interfacial shear.

• Adiabatic Tests - for example, air/water tests could be used to evaluate the
interfacial drag model for a given geometry and phasic flow rates. However,
the same concern as that expressed above with respect to the effect of the
radial void distribution would also apply here.

• Local Measurements - if local flow parameters could be measured (and
appropriately time averaged), so that bubble number density, equivalent
bubble diameter and velocity were all known, then the vapor flow rate could
be determined.

As part of the McMaster's University tests, high speed photography was used to compile
bubble statistics for the unheated condensing section. In addition to the chordal average
value of the void fraction (gamma densitometer) the experimenters also reported:

• mean Sauter bubble diameter

• interfacial area concentration

• liquid velocity (cross-section average value)

• bubble velocity (population average value)

• Jakob No. (local subcooling)

• bubble Reynolds No.

• interfacial heat transfer coefficient

as a function of distance downstream from the beginning of the unheated section. No
specific tests (e.g., saturated boiling or air/water) were performed to examine
interfacial friction, however, from the above bubble data enough information can be
garnered to make a comparison possible. To perform such a comparison, one needs to
know the vapor mass flow rate or equivalently the flow quality, which can be inferred
from the measured bubble parameters and expressed in terms of the Sauter mean
diameter, the interfacial area concentration, and the bubble velocity as follows:

I p,..p - Dba Awf VbbX 6 1 0)

G

Using equation # 1 0 and the measured bubble data the void fraction-quality relationship
was inferred for one of the McMasters University tests and compared to predictions of
RELAP5/Mod3.2, as depicted in Figure 6 below.
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from local bubble data during the low pressure subcooled boiling
McMasters University tests.

Fundamental Model Assessment - Interfacial Heat Transfer

Once the question of interfacial shear has been satisfactorily dealt with, the focus can
shift to the two parameters that affect the local value of the vapor flow rate in subcooled
boiling: the net wall vapor generation rate and the bulk condensation rate due to
interfacial heat transfer. As the measurement of the net vapor generation rate in the
near wall region, r- , would be essentially impossible, it must necessarily be inferred"I
from the local value of the net vapor generation rate or even from the local value of the
void fraction. Consequently, it is more meaningful to proceed next to the consideration of
the subcooled liquid interfacial heat transfer.

It is in the consideration of interfacial heat transfer that the McMasters University tests
7provide invaluable local information In the model for interfacial heat transfer, the

product (h, A"') appears. As noted above, in the condensing section, both of theseI
quantities were individually determined: the bubble interfacial area directly from
measured bubble diameters and number density, and the heat transfer coefficient
inferred from individual bubble collapse rates and local fluid conditions. Let's perform
a comparison for interfacial area concentration first.

7 Of course, there remains the question of how accurately subcooled boiling in an
annulus with only the center rod heated models subcooled boiling in a rod bundle.
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In the RELAP5 code, the bubbly flow interfacial area concentration is given by:

A' = 3.6- a
D bub

where the bubble diameter is taken to be equal to one-half of the maximum bubble
diameter which is governed by a critical Weber No. criterion as follows:

We - Ph, - V, - V,,.)' D. 2)
Crit a

The value used in RELAP5 for the critical Weber No. in bubbly flow is I , so that the
interfacial area concentration is given by:

A 0.72 a Pliq -(V"P - V11q)2_ 3)

which because of the presence of the relative velocity term becomes a function of the
interfacial friction model. Consequently, should the interfacial shear model be upgraded,
the interfacial area used in the interfacial heat transfer model will be affected. There
are two other factors that affect the RELAP5 computed values of the interfacial area.
First, there are a myriad of 'smoothing functions" applied to the product, (h -A"')
,the parametric behavior of which is difficult to fathom. Finally, the relative velocity is
limited so that it is always greater than or equal to a value which would give a maximum
bubble diameter of:

D. < 0.005. a� 4)

where the value 0.005 is a dimensional constants with units of meters.

Figure 7 see below, compares the RELAP5 calculated bubble diameters with those
measured in the condensing section of the McMasters University experiment at a
pressure of about 1 I bar. The bubble diameters calculated by RELAPS are more than an
order of magnitude smaller than the measured values. This discrepancy is due to the use
of the critical Weber number to determine the bubble size coupled VAth the under-
prediction of interfacial shear evidenced by Figure 6 above. Of equal concern to the
discrepancy in size is the unphysical trend of bubble size with void fraction in the
RELAP5 model. In the condensing section, the void fraction decreases along the test
section due both to the extinguishing of some bubbles and the shrinking of others due to
condensation. Thus one expects for the bubble diameter to decrease as the void fraction
decreases. However, the RELAP5 models yield exactly the opposite trend. That is, as
condensation occurs and the bulk void fraction is decreased, the bubble diameter
increases. This is clearly a result of the model for bubble diameter not being the one
that actually controls the bubble size.

The usage of dimensional constants is considered bad practice and shall be avoided in
future model development efforts.
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FIGURE 7: Comparison of calculated and measured bubble diameters for the
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Due to the poor calculation of bubble diameter in RELAP5, the calculated interfacial area
concentration must be similarly affected. A comparison of RELAP5 calculated values for
interfacial area concentration with those of the McMasters University data for the tests
at a pressure of 1 I bar is given below in Figure .
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FIGURE 8: Comparison of RELAP5 predicted values of the interfacial area
concentration with those of the McMasters University data for the
tests at a pressure of I. bar.
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The RELAP5 values over-predict the interfacial area by more than an order of magnitude
because the excessive slip due to the under-prediction of interfacial shear results in
bubble diameters that are much too small as illustrated above.

The next comparison to make is for the interfacial heat transfer coefficient itself.
RELAP5 uses a modified form of the Unal correlation (I 976) referred to as the modified
Unal-Lahey correlation in the RELAP5 models correlations manual. Unal gives the
heat transfer coefficient for condensation at a bubble interface for subcooled nucleate
flow boiling as:

hi = C.(D.hfg.D bub 1 5)

2. -
P, P",

where for the conditions of the McMaster's University tests,

C 65

(D I

In the RELAP5 implementation of this correlation, a degradation factor is applied to
force it to match the Lahey (1 978) subcooled boiling model for void fractions above
0.25. The resulting expression for the interfacial heat transfer coefficient is:

h 0.0417 C - D -exp(-45. a)] h ft. P . Pli .Dbub 6)
2 - p, - "P)

where according to the RELAP5 manual, the smoothing factor, exp(-45 -a), was arrived
at during RELAP5/Mod2 developmental assessment. A comparison between equation 6
and the McMasters University data is given below in Figure 9 and clearly illustrates a
huge under-prediction in the value of the interfacial heat transfer coefficient due to the
application of this smoothing factor. To some degree, this error is compensated for by
the error in the interfacial area depicted in Figure 8. This is exactly the type of
compensating error that must be eliminated in future model development activities.

Fundamental Model Assessment - Wall Nucleation

A sampling of model assessments for the interfacial friction, interfacial area
concentration, and liquid-interface heat transfer coefficient were presented above. To
complete the assessment of the individual models important for determining the void
fraction during subcooled boiling, the accuracy of the model used for calculatng the net
vapor generation fraction in the near wall region, f, , must also be examined. However,
as alluded to above, this model can only be assessed by inference through a judgment of
the overall integral performance of the code models and with the deficiencies in the other
models presented above, this comparison becomes meaningless. Nevertheless, it can be
stated that for these low pressure conditions, RELAPS grossly under-predicts the void
fraction for these tests as illustrated below in Figure IO. A large part of this under-
prediction is due to the formulation used for the factor, fr as briefly discussed below.
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In RELAP5 a modified form of the Saha-Zuber (I 974) correlation for the point of the
onset of significant vapor generation is used together with the subcooled boiling model of
Lahey (1 978). The fraction of the wall heat flux that causes net vapor generation in the
near wall region is given by:

(hliq h

(1 + e) (h,,. - h) 7)

where the critical liquid enthalpy for net vapor generation is that of Saha & Zuber:

h� h IN- - (St c,,/.0065) Pe>70,000 1 8)

hh...., (Nu.c,.,,/455) Pe<70,000

with

St Nu/Pe

Nu q".D,/k,,.

Pe G-Dh cp.jjq/kjjq

The (I e) term in the denominator of equation # 7 is the "pumping" term of the Lahey
model, defined by:

Pli I hq.. - h j 9)

P�P (h "Put - h LiqXIL

Figure 1 1 plots the behavior of (both with and without the "pumping" term) as a
function of liquid subcooling for the conditions of the McMasters University test #1.
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FIGURE 1 1: Illustration of the low pressure behavior of the RELAP5 model for
the near wall net vapor generation fraction.
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From the figure, it is clear that for the formulation used in RELAP5 (which includes
the "pumping" term) no significant amount of vapor generation will be predicted to
occur until the liquid subcooling is less than a few degrees C. This is in marked contrast
to the experimental results where the liquid subcooling at the exit of the heated region is
1 'C and yet the void fraction is equal to 32%. The apparent reason for the large
discrepancy is the presence of the pumping term in the denominator as the phasic
density ratio becomes very large at low pressure. To be applicable at low pressure, the!
basis for this model needs to be re-examined.

Subcooled Boiling Model Assessment - Summary

In summary, traditional style developmental assessment employing separate effects
tests, though necessary to quantify the predictive capability of a thermal-hydraulic
system cde for the parameters of interest, is not by itself sufficient. As was
demonstrated using the example of subcooled boiling at low pressure, the parameter of
interest (in this case the void fraction) is often a function of several constitutive models
working together. For such a case, when code predictive capabilites are judged to be
deficient, there is not enough information to isolate the root cause. Furthermore, when
several models work together, there is always the possibility of compensating errors
unless each model has been assessed individually over its entire range of applicability.

An example of how such a 'fundamental assessment" can be carried out was given using
the subcooled boiling data of McMasters University and illustrated serious flaws in the
current RELAP5 modeling approach. Future model development efforts for reactor
safety codes must incorporate such fundamental data into their data base and be developed
within the context of the two-phase flow model employed in the subject code. The
following section provides a brief summary of some of the modeling needs that were
identified as a result of using the RELAP5 code for analyses of the proposed AP600 design
and the associated integral facility tests.

MODELING NEEDS FOR PASSIVE REACTOR DESIGNS

The U.S. Nuclear Regulatory Commission has received an application for design
certification from the Westinghouse Electric Corporation for an Advanced Light Water
Reactor design known as the AP600. As part of the design certification process, the
USNRC uses its thermal-hydraulic system analysis codes to independently audit the
vendor calculations. The focus of this effort has been the small break LOCA transients
that rely upon the passive safety features of the design to depressurize the primary
system sufficiently so that gravity driven injection can provide a stable source for long
term cooling.

Although the SBLOCA scenario does not appear to threaten core coolability - indeed,
heatup is not even expected to occur - there have been concerns as to the performance of
the passive safety systems. For example, the passive systems drive flows with small
heads, consequently requiring more precision in the analysis compared to active systems
and raising the question as to whether the same confidence can be placed in the analysis
methods for passive plants as compared to current plants with active systems. For the
analysis of SBLOCAs and operating transients, the USNRC uses the RELAP5 thermal-
hydraulic system analysis code. To assure the applicability of RELAP5 to the analysis of
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these transients for the AP600 design, a four year long program of code development and
assessment has been undertaken.

The lessons learned during this effort were detailed in a previous CSNI paper (Kelly,
1 96) by describing the relevant physical phenomena and the associated modeling
challenges for each component. Specific modeling challenges identified for our current
generation of thermal-hydraulic codes include:

• Thermal Front Tracking: ability to resolve steep temperature gradients
within the liquid in the flow direction and to use the temperature of a buffer
layer in the interfacial heat transfer model.

• Mixture Level Tracking: ability to track the liquid/vapor interface, and
correctly model the interfacial heat transfer phenomena for a stratified
surface.

• Thermal Stratification Mixing: provide for the accumulation of hot liquid
in a buffer layer due either to convection or condensation, and provide for a
mixing region that grows due to the addition of colder water either from wall
heat transfer effects or convection.

• Cold Leg Thermal Stratification: model thermally stratified single-phase
flow (possibly flowing counter-currently) in large diameter horizontal
pipes.

• Critical Flow: accurately calculate the critical flow for both valves
(Automatic Depressurization System) and thin orifice plates (experimental
facilities) especially for low pressure and low quality conditions.

• Phase Separation Entrainment: accurate prediction of entrained liquid
fraction at ADS valves due to phase separation in the pressurizer and
entrainment at a vertical off-take from the hot legs. Also, the phase
separation at the cold leg/pressure balance line tee that can affect the
initiation of core makeup tank draining.

• Low Pressure Boiling: eliminate unphysical discontinuities in the interfacial
heat transfer package and provide some form of subgrid resolution for the
point of net vapor generation as well as improve the constitutive models (as
cliscussed above).

• Low Pressure Void Fraction: improve models for interfacial drag in rod
bundles at low pressure, low flow, and low heat flux conditions.

While the above list of challenges that can be encountered in the thermal-hydraulic
analysis of passive reactor systems is imposing, it should not be taken to infer that the
task is impossible. In the AP600 analysis program, extensive comparisons were made
between RELAP5 (pre-release version of Mod3.3) and data from three integral test
facilities all at different scales. Once the more serious problems were either corrected
(or a workaround used) the overall transient behavior was well simulated and the key
parameters (e.g., vessel inventory) were judged to be in reasonable agreement with the
measured quantities.
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SUNEWARY

This paper discussed the constitutive model development needs for our current and
future generation of reactor safety thermal-hydraulic analysis codes. Rather than
provide a simple 'shopping list" of models to be improved, a detailed description was
given of how a constitutive model works within the computational framework of a
current reactor safety code employing the two-fluid model of two-phase flow.

First, a review was given of the modeling cosiderations that need to be taken into account
when developing constitutive models for use in reactor safety thermal-hydraulic codes.
Specifically, the two-phase flow model should be applicable to a control volume
formulation employing computational volumes ith dimensions on the order of meters
but containing embedded structure with a dimension on the order of a centimeter. The
closure relations are then required to be suitable when averaged over such large
volumes containing millions or even tens of millions of discrete fluid particles
(bubbles/drops). This implies a space and time averaging procedure that neglects the
intermittency observed in slug and chum turbulent two-phase flows. Furthermore, te
geometries encountered in reactor systems are complex, the constitutive relations
should therefore be component specific (e.g., interfacial shear in a tube does not
represent that in a rod bundle nor in the downcomer). When practicable, future
modeling efforts should be directed towards resolving the spatial evolution of two-phase
flow patterns through the introduction of interfacial area transport equations and by
modeling the individual physical processes responsible for the creation or destruction of
interfacial area.

Then the example of the implementation and assessment of a subcooled boiling model in a
two-fluid code was given. The primary parameter of interest, the void fraction, was
shown to be the result of the interaction between three separate constitutive models:
interfacial friction, interfacial heat transfer, and wall nucleation models. The wall
nucleation model, which gives the value for the net vapor generation rate in a "near
wall' region is an artifact of the chosen numerical treatment and its development
depends on the model chosen for the bulk interfacial condensation model. The potential
for compensating errors in the interaction of these three models was discussed and the
need stated to 'get the right answers for the right reasons'. The subcooled boiling
experiments conducted at McMasters; University were then used as an example of how one
can independently assess such interacting models and a number of deficiencies in the
RELAP5 model for subcooled boiling were identified for low pressure applications. A
strong case was also made for taking code assessment to a more fundamental level where
the underpinnings of the constitutive models are themselves assessed (e.g., the bubble
diameter used in an interfacial heat transfer model).

Finally, a summary of modeling needs for passive reactor designs was given based on the
experience garnered during the USNRC's program to evaluate the applicability of the
RELAP5 code for SBLOCA analysis of the proposed APGOO design. Specific modeling
challenges identified for our current generation of thermal-hydraulic codes include:

• Thermal Front Tracking

• Mixture Level Tracking

• Thermal Stratification Mixing

• Cold Leg Thermal Stratification

• Critical Flow
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Phase Separation Entrainment at Tees

Low Pressure Boiling

Low Pressure Void Fraction

The above list contains items in which both the numerical representation of a phenomena
and the associated physical models need improvement.

The objective of this paper was then to provide a detailed example of how a constitutive
model works within the two-fluid framework so as to promote a better understanding of
both the types of experiments and the instrumentation needs that will be required in the
USNRC's code improvement program.
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